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PREFACE 

IT  is  necessary,  in  the  case  of  a  book  planned  in  such  an 
unfamiliar  form  as  this,  that  a  somewhat  full  explana- 
tion of  the  principles  on  which  it  has  been  written 
should  be  offered  to  the  teacher  or  student  into  whose  hands 
it  may  fall. 

The  business  of  the  teacher  of  "  First-year  Physics  "  seems 
to  me  to  comprise  three  things.  The  first  and  chief  of 
these,  without  which,  indeed,  the  others  are  hardly  worth 
while,  is  to  inspire  in  the  student  a  keenness  for  careful  and 
scientific  thought.  Next  in  importance  is  instruction  in  the 
actual  subject-matter  of  Physics.  And  the  last  is  the  teaching 
of  matter  useful  for  the  subsequent  career  of  the  student — 
to-day,  especially,  this  cannot  be  entirely  ignored. 

But  this  classification  by  no  means  represents  the  view- 
point of  the  average  student  of  this  subject.  Physics  is  a 
compulsory  subject  in  many  courses  of  study,  and  the  majority 
of  students  take  it  up  for  that  reason.  Any  value  it  may  have 
in  their  eyes  depends  on  its  utility  in  relation  to  their  prin- 
cipal subjects — Engineering,  Medicine,  or  what  not.  Only  a 
minority  take  the  subject  for  its  own  sake.  If  what  follows 
appears  at  first  sight  to  leave  out  of  consideration  this 
minority,  it  must  not  be  assumed  that  I  have  little  regard 
for  them.  But  they  present  no  special  problem. 

At  the  outset,  then,  the  fact  of  a  strong  divergence  between 
the  view-point  of  the  teacher  and  that  of  the  student  must 
be  faced.  It  is  quite  a  natural  if  an  unfortunate  one,  and  is 
specially  pronounced  in  this  subject  of  Physics.  To  ignore 

v  the  order  of  the  three  features  of  the  teach. T'->  work 
which    1   hav.-  gentled  above  is  reversed  in  tin-  stud 

I  think  it  necessary  to  make  a  deliberate  attempt  to 

the  view-point  of  the  student,  not  by  long  range  attrac- 
tion, but  by  meeting  him  in  the  first  place  on  his  own  ground. 

ct,  his  interest  must  be  gained— not  a  merely  super- 
ficial interest,  but  a  vital  one — and  I  believe  that  "tin 
bedono  only  in  one  way  :  that  is,  by  showing  him  (to  hi 

•  icti.>n.  not  meivly  telling  him)  \\hat  U  MIH  Iv  the  case, 
that  the  subject  i- <>ne  \\hichhasadcfinite  utiht\ 
to  the  principal  subject  of  his  studi> 

ix 
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Now  the  fact  that  Physics  forms  part  of  the  preliminary 
course  in  many  different  branches  of  study  is  due  to  the  fact 
that  it  really  has  an  important  bearing  on  those  branches. 
It  is  one  of  the  main  roots  from  which  they  spring.  Applica- 
tions and  illustrations  of  its  principles  abound  in  all  these 
subjects.  It  is  necessary  to  use  illustrations  of  these  principles 
continually  in  any  course  of  lectures  on  Physics.  But  an 
illustration  chosen  from  the  student's  own  subject  will  not 
only  be  more  effective  than  one  not  so  chosen  so  far  as  its 
immediate  purpose  is  concerned,  but  will  also  impress  the 
student  with  the  utility  of  Physics,  and  so  help  to  accomplish 
the  purpose  the  importance  of  which  I  have  emphasized 
above.  I  must,  however,  here  point  out  that  the  objects  of 
an  illustration  of  the  kind  I  have  mentioned  need  to  be  kept 
clearly  in  view,  otherwise  the  teacher  may  easily  find  himself 
falling  into  the  mistake  of  teaching  technical  rather  than 
pure  Physics — a  thing  to  be  carefully  avoided. 

These  considerations  suggest  the  advisability  of  dividing 
the  students  into  classes  according  to  the  different  subjects 
of  their  after-studies,  and  this  is  emphasized  by  the  fact  that 
different  groups  of  students,  say  Engineers  and  Medicals, 
look  on  our  subject  from  very  different  angles.  Not  only 
will  the  illustrations  which  are  suitable  for  one  group  be 
unsuitable  for  the  other,  as  is  evident  from  what  has  gone 
before,  but  for  the  best  results  a  certain  difference  of  treat- 
ment of  the  whole  subject  is  necessary  for  the  different  groups. 
Hence  I  believe  a  subdivision  of  the  "  year  "  on  these  lines 
to  be  essential.  The  extent  of  this  subdivision  cannot  of 
course  be  prescribed  here. 

Having  in  mind  ideas  such  as  these,  it  is  clear  that  I  could 
not  attempt  to  write  a  text-book  which  should  comprise  a 
complete  course  of  Physics  for  all  first-year  students,  so  far 
at  any  rate  as  the  theoretical  part  of  the  subject  is  concerned. 
This  book  is  intended  to  be  used  in  conjunction  with  a  theo- 
retical text-book,  selected  with  special  relation  to  the 
particular  student  or  group  of  students  concerned.  Why, 
then,  write  this  book  at  all  ? — that  is,  the  theoretical  portion 
of  it  ;  for  as  regards  the  practical  part  of  the  course  I  think 
that  somewhat  different  conditions  apply.  This  brings  me 
to  another  aspect  of  my  apology. 

Physics,  decidedly,  is  not  a  popular  subject.  Unpopu- 
larity may  be  partly,  or  even  largely,  due  to  the  method  of 
its  presentation.  An  uninspiring  course  may  easily  do  more 
harm  than  good.  Against  a  fragmentary  knowledge  of  a 
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facts  and  principles  acquired  may  have  to  be  debited  a 
lifelong  aversion  from  the  subject. 

The  first  year  should  not  be  a  year  of  "  getting  over  the 
drudgery."     It  should  be  a  year  of  inspiration.     How,  then, 
should  the  subject  be  presented  ?     Not  after  the  manner 
adopted,  necessarily  and  rightly,  in  a  systematic  treatise. 
Broad   outlines  should  first  be  presented  in  an  elementary 
but  scientific  manner.     The  subject  should  not  be  divided 
into    water-tight    compartments.     A    text-book    necessarily 
divides  up  the  subject  in  this  way,  and  completes  the  treat- 
ment of  one  section  before  commencing  the  next.     But  this 
does  not  correspond  to  the  natural  way  of  gaining  knowledge. 
Almost  as  well  might  one  try  to  understand  a  picture  by 
lining  it  carefully  a  square  inch  at  a  time,  beginning  at 
left-hand  top  corner.     I  am  not  criticizing  text-books, 
but  I  think  that  the  text-book  method  is  not  the  true  teaching 
iod.     The  text-book  is  an  indispensable  adjunct  to  the 
course.     Part  I  of  this  book  aims  at  giving  a  general  sketch 
or  outline  of  the  subject,  which  is  intended  to  act  as  a  kind 
ame  on  which  detailed  instruction  may  be  hung.     The 
ne  should  be  given  first,  and  the  detailed  instruction 
wards.      The  text-book  fro*m  which  the  latter  is  drawn 
:  Id,  as  I  have  already  said,  be  adapted  to  the  particular 
i'  nts  of  the  students. 

r  point  which  seems  to  me  to  be  of  great  importance 

it  n«'w  knowledge  in  the  subject  should  not  be  avoided. 

Nor  should  it  be  added  as  a  sort  of  afterthought,  or  as  a  reward 

for  attending  to  the  other,  and  drier,  parts  of  the  work.     It 

.id  be  incorporated  in  the  course  itself,  or  its  scientific 

1  be  diminished  or  lost.     A  theory  is  not  necessarily 

difficult  to  understand  because  it  has  been  developed 

within  the  last  decade  or  two. 

ly  spoken  of  a  classification  of  depend- 

;  relations  to  the  subject  in  gci 
her  classification,  which  cuts  across  ilr.  be  made 

rence  to  the  preliminary  knowledge  of  the  MI 
with  whi  re  equipped  when  they  enter  upon 

the  course.     This  c  1  a>sifi< -ation  is  one  of  the  greatest  import- 
ion  of  classes  sooi 

ability      The    following    scheme    forms    an 
to  deal  with  tin-  i:  tory  yet  not  imp: 

i  or.      Suppose  A  and  B  to  denote  the  categories 

:  lents  are  to  be  d  1  b  the  grades 

— a   representing    the  more  advanced  sect  I   b   the 
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beginners.  We  have  then  the  four  sets  of  students,  Aa,  Ab, 
Ba,  Bb.  Consider  Aa  and  Ab,  who  belong  to  the  same 
general  order.  These  require  the  same  kind  of  teaching, 
differing  from  that  suitable  to  the  B's  ;  but  more  elementary 
instruction  is  needed  by  Ab  than  by  Aa.  Suppose,  now, 
the  lecture  periods  to  be  represented  by  i,  2,  3,  etc.  Probably 
the  early  lectures  or  lessons  could  conveniently  be  given  to 
the  whole  class  (Aa,  Ab).  After  a  certain  number  of  periods, 
say  9  for  purposes  of  illustration,  the  course  proper  begins. 
Lecture  10  forms  an  elementary  introduction  to  a  certain 
topic.  This  is  developed  in  lectures,  say  n  and  12.  Now 
for  lesson  13  the  class  is  divided  into  its  Aa  and  Ab  sections. 
These  sections  may  meet  concurrently  or  successively  as 
may  be  most  convenient.  The  lessons  should  be  informal, 
and  will  require  in  general  little  or  no  experimental  prepara- 
tion. Section  Aa  will  pursue  the  topic  of  lectures  n  and  12 
to  a  further  stage  of  advancement,  or  study  it  in  more  detail 
than  was  necessary  in  the  main  course.  Section  Ab,  on  the 
other  hand,  will  receive  elementary  preparation  for  the  work 
to  be  considered  in  lectures  14  and  15 — preparation  which 
can  be  dispensed  with  in  the  case  of  section  Aa.  In  this  way, 
the  boring  of  Aa  with  elementary  work  in  which  they  have 
already  received  a  sufficient  grounding  is  avoided,  and  the 
time  saved  enables  students  to  obtain  a  somewhat  more 
advanced  knowledge  of  the  subject.  On  the  other  hand,  the 
elementary  difficulties  of  the  beginners  can  be  much  more 
readily  dealt  with  in  the  sectional  than  they  could  be  in  a 
general  class.  Lectures  14  and  15  will  then  be  attended  by 
the  whole  A  class,  and  so  on. 

In  this  scheme  the  elementary,  or  Ab,  work  would  constitute 
the  normal  course,  on  which  the  examination  would  be  set. 
Admission  to  the  advanced  section  would  be  open  only  to 
such  students  as  were  able  to  give  definite  evidence  of  their 
ability  to  profit  by  it.  It  could  not  advantageously  be 
compulsory,  but  should  be  confined  to  those  who  wished  to 
enter.  Many  students  on  entering  college  have  a  fairly  good 
knowledge  of  one  or  more  branches  of  Physics  ;  in  such  cases 
the  student  might  be  classified  as  Aa  in  these  branches,  and 
as  Ab  in  the  remainder.  It  must  be  fully  understood  by  all 
students  that  the  more  advanced  work  is  not  required  for 
examination  purposes.  But  an  examination  should  never  be 
looked  on  as  a  mechanism  for  holding  back  students  who 
are  capable  and  desirous  of  going  a  little  beyond  its  require- 
ments. 
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A  double  subdivision  of  the  complete  year  is  thus 
accomplished  without  serious  multiplication  of  classes. 
The  rigidity  of  a  single  course  system,  which  seems  to  me  to 
be  incompatible  with  really  satisfactory  teaching,  gives  place 
to  a  high  degree  of  flexibility.  Part  I  of  this  book,  if  used 
for  these  A  and  B  classes  during  the  early  part  of  the  session, 
need  not  be  looked  on  as  supplying  a  hard  and  fast  course. 
A  judicious  omission  here  and  there,  in  the  case  of  the  elemen- 
tary sections,  will  do  no  harm.  Experimental  illustrations 
and  examples,  likely  to  interest — in  the  sense  already 

1  ained — and  instruct,  should  be  freely  given. 
With  regard  to  laboratory  work,  Part  II  of  this  book 
comprises  a  course  suitable  for  general  purposes.  No  rigid 
programme  suitable  for  all  students  can  be  given.  The 
plan  here  adopted  is  one  which  allows  the  greatest  elasticity 
and  scope  for  modification. 

:  laboratory  course  may  easily  be  an  exceedingly 
dull  affair,   consisting  of  a  set  of  discrete  and  unrelated, 
and  often,  to  the  student's  mind,  almost  meaningless  and 
useless  measurements.     Single  unrelated  experiments  should 
:n  or  never  be  given.     Never — unless  some  definite  and 
:1  object  is  to  be  accomplished  thereby.     Each  experi- 
ment should  have  a  setting  which  exhibits  its  utility  or 
•ific  purpose.     It  must  never  degenerate  into  a  mere 
laboratory  task,  to  be  undertaken  for  the  sake  of  a  mark, 
asurements  whirh,  picked  arbitrarily  from  a  list, 
dence  of  their  value,  and  are  usually  performed 
as  mere  ta>ks.  would  be  seen  in  quite  a  new  light  by  the 
they  put  in  their  proper  places  in  a  scientifically 
arranged  scheme  of  work. 

Example  is  given  in  Part  II  of  a  useful  plan,  whi«  :. 

tli«-  group  CXJM  unit  nt  method.     Here  a  group  of 

combine  to  make  a  survey  of  several  properties  of 

a  substance,  such  as  common  salt  in  solution.    The  method 

d — the  case  given  is  no  more  than  a  sample — 

:on.     Of  course  it  forms  but 

!  the  year's  work  for  the  -tiidrnN  taking  i>ait  in  it. 
r  set  of  <  nts,  not  intruded  to  be  worked  on 

r   the   heading  Vibration. 

"f  tins  kii  be  chosen  by  the  teacher,  and 

devised  to  suit.     In   the 

•  ase   til--  :    of   the   density   of   air   finds 

1    ]>lare.       In    thi  :t    has   an 

actu.  n  to  the  subject  "f  -  at     It  is  at  least 
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as  useful  as  if  it  were  made  as  an  isolated  determination  in 
an  orthodox  course,  but  here  it  has  also  a  definite  scientific 
purpose  and  an  added  interest  to  the  student.  This  is  not  a 
mere  question  of  making  the  work  more  pleasant.  It  is  of 
the  highest  importance  that  the  scientific  bearing  of  any 
piece  of  work  undertaken  should  be  grasped,  otherwise  little 
advantage  will  be  gained  by  its  performance.  In  my  own 
experimental  work  I  do  not  make  isolated  measurement 
which  are  not  required  in  the  course  of  the  work  in  hand. 
I  see  no  reason  for  doing  so,  and  I  do  not  know  why  a  student, 
perhaps  not  possessing  my  interest  in  the  subject,  should 
look  at  the  matter  differently. 

In  arranging  a  series  of  experiments  such  as  we  are  now 
considering,  there  is  a  certain  advantage  in  including  items 
from  different  branches  of  Physics,  so  as  to  show  the  inter- 
relation of  these  branches.  In  this  vibration  section  experi- 
ments might  well  be  included  on  the  simple  and  compound 
pendulum  and  on  moments  of  inertia.  In  fact,  the  examples 
of  Part  II  might  frequently  be  amplified  by  the  inclusion  of 
such  mechanical  experiments  as  have  direct  bearing  upon 
them.  Most  of  these  would  be  omitted  by  students  attending 
a  separate  mechanical  laboratory.  A  few  mechanical  experi- 
ments are  described  in  a  section  of  Part  II. 

A  useful  piece  of  work,  which  should  be  carried  out  during 
the  course  of  the  session  by  each  student,  is  the  preparation 
of  a  thesis  on  some  selected  topic.  In  suitable  cases,  two  or 
more  students  might  collaborate  for  this  purpose.  A  number 
of  subjects  for  these  essays  should  be  proposed  for  the  class- 
though  if  some  of  the  members  were  capable  of  choosing,  and 
interested  enough  to  choose  subjects  for  themselves,  so  much 
the  better.  Suppose  the  Vibration  set  to  be  taken  as  the 
basis  of  one  of  these  essays.  A  connected  account  of  the 
elementary  theory  of  the  subject,  together  with  a  full  descrip- 
tion of  the  various  experimental  verifications  and  other 
determinations,  each  in  its  logical  place,  should  be  given. 
The  value  of  such  an  exercise,  conceived  and  carried  out  in  a 
scientific  manner,  could  hardly  be  over-estimated,  however 
simple  the  plan  of  the  work  might  be.  Great  scope  exists 
here  for  grading  the  work  to  the  capacities  of  individual 
students.  In  no  case  should  too  elaborate  a  scheme  be  tried : 
the  value  lies  not  in  quantity,  but  in  the  scientific  and  logical 
quality  of  the  work. 

The  remainder  of  Part  II  deals  with  various^  subjects,  and 
covers  a  course  suitable  in  general  for  the  year's  work.  But 
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no  rigid  and  permanent  scheme  should  be  adhered  to.  While 
the  logical  connexion  of  the  several  experiments  in  one  of 
these  groups  should  be  especially  kept  in  mind,  it  may  not 
always  be  practicable  to  work  through  them  in  the  order 
given.  Sometimes  an  experiment  must  be  postponed  owincr 
to  the  corresponding  part  of  the  theoretical  course  not  ha 
been  reached.  But,  even  so,  a  great  balance  of  advantage 
will  remain  due  to  the  adoption  of  the  methods  suggested, 
important  that  the  student  should  read  the  whole  of  a 
section  before  commencing  to  work  the  experiments  in  it, 
so  as  to  obtain  a  coherent  idea  of  the  value  of  each  part  in 
lation  to  the  whole. 

A  certain  amount  of  constructional  work  is  valuable.  The 
making  of  a  simple  sextant,  and  fitting  up  of  a  galvanometer 
from  parts  supplied  by  the  laboratory,  are  given  as  examples. 
Many  other  instruments,  simpler  than  these  if  desired,  could 
be  made  from  time  to  time  by  various  students. 

An  illustration  is  also  given,  as  a  suggestion,  of  the  kind  of 
problem  for  calculation  which  has  a  definite  bearing  on  the 
laboratory  work.  This  principle  should  always  be  kept  in 
mind  when  examples  are  being  set  and  liberal  use  made 

Students  often  fail  to  get  real  working  ideas  of  the  things 
with  which  they  deal  in  the  laboratory.  For  example,  the 
ability  to  judge,  however  roughly,  the  electrical  resistance 
of  a  piece  of  wire  at  sight  is  often  lacking.  If  measurements 
of  re.-  : lave  been  made  only  with  boxed  up  coils  of  I 

of  course,  is  not  surprising.     Such  tasks  are  suitable  only 

for  examination  purposes.     The  measurement  of  something 

enclosed  in  a  box  is  not  a  very  scientit'n-  pm» •• « ••ling,  unless 

tudcnt  has  himself  put  it  there,  or  at  least  has  a  del; 

ledge  of  what  the  box  contains.     In   the  Electricity 

>n  of  Part  II  several  resistances  of  wires  are  proposed 

ition.     Samples  of  these,  of  d  materials 

i  igh  t  be  cut — all  havi  i  t  ance 

o  a  card,  with  i  'igths,  and  diameters 

Simple  devices  of  •  \-  the 

nount  of  time  spent  upon  them. 

ire  due  to  my  colleague,  Dr.  R.  \\    I    \\son,  for 
assistance  he  has  given  me  by  reading  the  pro« 
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PART    I 
CHAPTER   I 

The  Material  Universe — Physics — Inertia— Mass — I^w  of  Force — 
Law  of  Reaction — Acceleration — Unit  of  Force — Physical  Dimensions. 

THE  material  universe  offers  abundant  scope  for  studies 
of  many  kinds,  and  we  have   been  equipped  with 
wonderful,  yet  not    complete  or  perfect,  means  of 
pursuing  them.     Our  senses,  by  the  aid  of  their  proper  organs, 
enable  us  to  perceive  certain  aspects  of  the  outer  world ;  but 
we  must  not  suppose  that  things  actually  exist  just 
The         as  we  perceive  them.     A  musical  instrument,  we 
Material  say,  emits  sound.     But  sound,  in  this  sense,  only 
Universe  means  a  peculiar  tremor  of  the  atmosphere.     The 
sensation  we  experience  as  we  listen  is  our  own 
interpretation  of  this  tremor,  after  it  has  been  duly  modified 
by  our  sense  organs  and  conveyed  to  the  brain.     Nothing 
at  all  resembling  this  sensation  really  exists  apart  from  the 
consciousness  of  the  listener.     So  inanimate  nature  has  been 
to  be  eternally  silent.     Our  colour  M-n>atioii>  also  are 
ly  our  interpretation^  of  tin-  various  light-waves  which 

om  the  objects  around  us.    These  ol» 
arc  not   "  coloured  "   in   the  sense  of  possessing  anything 

to  the  sensations  we  experience  on  viewing  them. 
is  very  difficult  to  understand  why  objects  are  seen  in 
their  tru-  portions  external  to  ourselves.  Actually,  we  have 
only  two  little  inverted  pictures  of  them  on  the  retinas  of  «»ur 
eyes — the  observed  scene  is  the  result  of  our  interpretation  of 
these  I  could  not  be  made  by  a  person  who  had  the 
sense  on  alone.  The  child  has  to  learn,  by  actual 

f.iilui  mpts  to  grasp  n,  that   tin-  moon  is  a  long 

I  only  by  co-ordinating  visimi  with  Oth 

and  I  ;>g  about  among  the  objects  seen,  that  we  obtain 

our   final    visual   impression    of    the   external   world.     This 
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important  part  of  our  education  is  accomplished  in  early 
childhood.  It  seems  to  give  us  a  true  idea  of  the  actual 
objects  around  us,  and  in  this  respect  differs  from  the  other 
cases  to  which  reference  has  been  made. 

But,  if  we  wish  to  understand  things  as  they  are,  it  is  clear 
that  mere  observations  made  by  our  senses  will  not  be  enough. 
We  shall  have  to  compare,  and  discriminate,  and  reason.  We 
shall  have  to  frame  hypotheses  and  invent  experiments  by 
which  these  can  be  tested.  In  fact,  we  shall  have  to  bring 
into  use  another  part  of  our  natural  equipment— the  purely 
mental  or  intellectual  part.  Again,  instruments  must  be 
invented,  which,  like  the  telescope  and  microscope,  will  enable 
us  to  extend  our  sense-observations.  The  telescope  has 
revealed  multitudes  of  stars  which  would  have  remained 
unknown  to  us  without  it.  But  our  knowledge  of  the  existence 
of  any  stars  depends,  first,  on  the  fact  that  we  possess 
the  sense  of  sight  and,  second,  on  the  extraordinary  trans- 
parency of  the  atmosphere.  Our  senses  are  few— there  may 
be  whole  aspects  of  nature  of  which  we  are  quite  ignorant 
on  account  of  the  lack  of  appropriate  senses,  or  of  other 
conditions  necessary  for  their  perception.  But,  though  our 
apprehension  of  nature  may  be  fragmentary,  it  is  extensive 
and  varied  enough  to  form  a  sufficient  basis  for  our  studies. 
Our  subject  of  Physics  is  only  one  of  those  which  have  for 
their  purpose  the  study  of  the  material  universe.  It  is  a 
wide  and  fundamental  one.  I  shall  not  attempt 
Physics  at  present  to  give  a  definition  of  it.  Indeed,  ] 
think  that  definitions  are  often  almost  meaningless 
to  those  who  have  not  already  a  pretty  good  idea  of  the  thing 
defined. 

When  studying  material  substances,  and  the  mm 
which  they  exert  on  each  other  in  various  circumstances, 
we  find  that  a  few  root  principles  apply  to  them  all.  But  our 
investigations  soon  reveal  differences.  Occasionally  new 
phenomena  present  themselves  which  would  be  startling  i 
observed  for  the  first  time  by  a  person  old  enough  to  begin 
the  study  of  Physics.  A  man  familiar  with  the  warmth  pro- 
duced by  rubbing  two  sticks  together,  but  who  had  never 
seen  fire,  might  well  be  surprised  at  the  result  of  striking  a 
match.  Many  people  to-day  would  be  quite  astonished  at 
the  effect  of  throwing  a  little  water  on  a  fragment  of  sodium. 
One  of  the  universal  properties  of  matter  is  Inertia.  A 
body  at  rest  does  not  of  its  own  accord  start  into  motion. 
If  in  motion  it  does  not  of  its  own  accord  change  its  motion. 
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A  billiard  ball  at  rest  on  the  table  remains  so  till  put  into 

motion  by  some  cause  external  to  itself,  and  when 

Inertia     in   motion  its   tendency  is  to  continue  to  move 

uniformly.     It  would  do  so  if  it  were  not  prevented. 

an  set  the  resting  ball  in  motion   by  striking  it  with 

a  cue  or  with  another  ball,  and  can  deflect  of  bring  the  moving 

one  to  rest  by  the  same  means.     By  the  constant  use  of  our 

muscles  in  moving  all  kinds  of  objects  we  get  an  idea  of  the 

kind  of  effort  which  it  is  necessary  to  apply  to  a  body  in 

order  to  alter  its  state  of  rest  or  of  motion.     To  this  effort, 

as  applied  to  the  body  (not  to  the  muscular  sensation  which 

•el  to  be  associated  with  it),  we  must  give  a  name.    This 

name  is  Force.     We  really  do  not  understand  exactly  what 

takes  place  when  one  body,  by  striking  or  pushing  another, 

sets  it  in  motion,  but  the  effect  is  the  same  as  that  produced 

when  we  apply  muscular  effort  to  the  body.     But  we  call  the 

process  "  application  of  force,"  and  hope  that  some  day  we 

may  learn  more  of  its  actual  nature.     We  may  sum  up  by 

saying  that  "  Every  body  perseveres  in  its  state  of  rest  or  of 

uniform  motion  in  a  straight  line,  except  in  so  far  as  it  is 

••••lit  (1  by  forces  to  change  that  state."     This,  the  "law 

of  inertia,"  is  the  first  of  Newton's*  three  laws  of  motion. 

;  i\v  deals  with  both  inertia  and  force.     We  must  deal 

with  these  quantitatively.     It  will  be  simpler  to  consider, 

id  of  the  impulsive  forces  of  cue  on  ball,  etc.,  a  case  in 

which   .1  steady  force  is  applied  continuously  to  a  body. 

Imagine  a  frictionless  but  heavy  railway  wagon  standing 

on  a  pair  of  horizontal  rails.     This  can  be  set  in  motion  by 

a  man  pushing  steadily,  i.e.,  applying  a  uniform  force.     The 

.dually  increase  from  zero,  and  after,  say.  two 

minutes  will  be  equal  to  one  mile  per  hour.     Further  pushing 

farther  increase  of  speed,  or  if  left  to  it«-lf  the 

wagon  would  continue  to  travel  at  constant  speed.     (In  an 

d  case,  friction  would  soon  bring  it  to  r<  forces 

v  tending  to  stop  the  motion.)     Now 

in  the  same  case,  but  suppose  the  wagon  to  contain 

a  quantity  of  luggage.     Starting  from  rest,  the  man.  applying 

lv  the  same  force  as  before .  finds  thai  at  th.  end  of  the 

he  ha-;  ol  a  speed  of  only  half  a  mile  per 

ic  Newton.  "  The  greatest  of  Natural  Philosophers  "  (1642- 
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hour.  Thus  the  same  force  has  been  applied  for  the  same 
time  in  each  case,  but  in  the  second  case  the  moving  body 
has  attained  only  half  the  speed.  We  say,  then,  that  the 
inertia  of  the  second  body  (wagon  +  load)  is  double  that  of 
the  first  (wagon  alone).  If  another  load  exactly  similar 
to  the  first  were  added,  the  speed  attained  would  be  only 
one-third  of  that  reached  in  the  same  time  in  the  first  case, 
the  inertia  being  three  times  that  of  the  unloaded  wagon. 
So  that  inertia  depends  on  quantity  of  matter.  If  we  take 
inertia  to  be  proportional  to  the  quantity  of  matter — or  to 
Mass,  as  it  is  called — with  which  it  is  associated,  we  see  that 
the  wagon  and  each  portion  of  luggage  are  equal  to  one 
another  in  mass.  We  may  sum  up  by  saying  that, 
Mass  if  a  given  force  acts  for  a  given  time  on  different 
masses,  the  resulting  velocities  will  be  inversely 
proportional  to  the  masses.  Three  times  the  mass,  one- 
third  the  velocity.  In  each  case  the  product  mass  x  velocity 
is  the  same.  This  product  is  called  Momentum.  Thus,  in 
a  certain  time  a  force  gives  rise  to  a  definite  momentum, 
whatever  the  mass  on  which  it  acts.  Again,  if  the  force  acts 
for  different  lengths  of  time  on  any  mass,  the  velocities  and 
also  the  momenta  attained — from  zero  in  each  case — will  be 
found  to  be  proportional  to  the  times  of  action. 

A  force  which  in  a  certain  time  gives  rise  to  twice  the 
momentum  due  to  another  force,  acting  on  the  same  mass 
for  the  same  time,  is  said  to  be  twice  as  great  as  the  second 
force.  Thus  momentum  generated  is  proportional  to  the 
magnitude  of  the  force  and  also  to  the  time  of  its  application, 
but,  these  being  given,  it  is  independent  of  the  mass  of  the 
moving  body.  That  is  : 

Force  applied  X  time  of  application  oc  momentum 
generated, 

momentum  generated 
Force  applied  oc  '  time  of  appUcatiQn    • 

This  last  term  may  be  called  rate  of  change  of  momentum. 

If  we  add  to  this  a  statement  respecting  the  direction 
Law  of  of  the  change  of  momentum,  we  have  Newton's 
Force  second  law  of  motion,  of  which  the  following  is  a 

modernized  version :  Rate  of  change  of  momentum 
is  proportional  to  force,  and  the  change  takes  place  in  the 
direction  in  which  the  force  acts.  We  have  obtained  the  law 
partly  by  quoting  results  of  experiments  on  the  wagon, 
which  could  have  been  made  more  accurately  with  properly 


TAW   OF   RKACTIOX  7 

constructed  apparatus,  and  partly  by  defining  our  terms. 
Force  and  Mass,  to  suit.     Of  course,  having  once  made  th«>«- 

itions,  we  must  always  keep  to  them.  The  forces  with 
which  we  have  been  dealing  are  really  "  resultant  forces." 
For  instance,  if  a  second  man  applied  a  contrary  but  smaller 
force  to  the  other  end  of  the  wagon,  the  resultant  force  causing 
motion  would  be  the  difference  between  the  two.  If  the 

opposing  forces  were  equal,   their  resultant  would  be 
zero  and  no  motion  would  take  place.     If  frictional  resist- 
ances oppose  the  applied  force,  the  surplus  force  only,  after 
have  been  overcome,  will  be  effective  in  producing 
motion.     Newton's  third  law  states  that  "  To  every  action 
there  is  always  an  equal  and  contrary  reaction  ; 
Law  of        or,   the  mutual  actions  of  any  two  bodies  are 
Reaction     always  equal  and  oppositely  directed."     The  man 
experiences  the  reaction  of  the  wagon  as  he  pushes 
it.     If  the  brake  were  on,  so  that  he  could  not  move  it,  he 
would  still  feel  the  same  reaction.     It  would  be  equal  to  the 
force  he  applied  in  either  case. 

From  the  second  law  we  may  obtain  an  expression  which 
is  often  of  great  use.     We  may  write 

mass  x  change  of  velocity 
Applied  force  oc  -% — -r—      — L. 

time  of  action 

Now  the  change  of  velocity  divided  by  the  time  during 

which  that  change  is  taking  place,  or  the  rate 

Acceleration    of  change  of  velocity,  is  called  the  acceleration 

of  the  moving  body.     So, 
Applied  force  oc  mass  X  acceleration, 
or  F  =  ma. 

In  using  a  formula  like  this.  we  must   always  remember 

what  the  various  symbols  represent.     For  instance,  F  here 

t9  the  force  appled  to  the  mass  m,  and  a  signifies  the 

>n  which  will  be  produced,  or  the  rate  of  change 

<-f  the  velocity  <>f  the  body  whose  mass  ism.*     If  we  wish  to 

speak  only  of  the  numerical  values  of  the  force,  mass,  etc., 

use  the  syml><>K  F.  m,  a,  ami  w--  may  write — 

F  =  ma. 
ke  a  case  in  which  a  for.-.-  acts  for  one  second,  and  the 

the  end  of  the  second  m 

locity  of  i  cm.  per  sec.     Tin-  <>n  (or  change 

M    i>er  sec.  per  sec.     Its  numerical 
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value  is  I,  i.e.,  a  =  I  in  this  special  case.     Now  let  us  suppose 
the  mass  of  the  body  to  be  unity,  so  that  m  =  i. 

Unit         We  may  take  any  arbitrary  unit  for  our  mass. 

of  The  most  convenient  is  the  gramme.    It  is  practically 

Force       the  quantity  of  matter  in  I  c.c.  of  water,  or  in  the 
piece  of  brass  stamped  I  grm.  in  a  box  of  weights. 

Supposing  then  this  to  be  the  mass  in  our  example,  we  shall 

have  in  this  case 

F  =  i  x  i  =  i. 

But  this  means  that  the  numerical  value  of  the  force  in 
question  is  unity;  or  that  the  force  which  acting  on  unit 
mass  produces  unit  acceleration  is  unit  force.  This  unit  of 
force  is  called  the  Dyne.  If  we  had  used  the  pound  for  our 
unit  mass  instead  of  the  gramme,  a  larger  unit  of  force  would 
have  been  necessary  to  make  the  equation  fit.  Its  name  is 
the  Poundal. 

Before  we  leave  this  equation  F  =  ma  it  will  be  convenient 

to  call  attention  to  the  principle  of  physical 
Physical  dimensions.  It  is  a  special  application  of  a 
Dimen-  principle  which  applies  to  all  consistent  thought. 
sions  We  apply  it,  without  realizing  it,  perhaps  without 

even  knowing  that  such  a  principle  exists,  in 
everyday  conversation.  On  being  asked  the  distance  to  a 
certain  place,  one  might  give  a  true  answer,  say  100  miles, 
or  an  erroneous  one,  say  120  miles,  but  one  would  hardly  be 
likely  to  fall  into  the  error  of  answering  100  square  miles. 
Such  an  answer,  though  correct  so  far  as  the  mere  number  100 
goes,  is  really  meaningless.  The  other  answer,  120  miles, 
though  inaccurate,  at  least  is  not  nonsense.  Now  it  is  just 
because  errors  such  as  the  square  mile  one  above  are  as  a  rule 
so  obviously  nonsensical  that  we  do  not  need  to  know  any 
special  principle  of  thought  as  a  safeguard  against  them. 
But  in  Physics  equally  meaningless  statements,  especially 
in  the  form  of  equations,  might  very  easily  be  made  without 
the  error  being  in  the  least  obvious.  The  statement  that 
the  distance  from  X  to  Y  is  100  square  miles  is  a  breach 
of  a  definite  principle.  Let  us  put  the  statement  into  the 
form  of  an  equation  : 

Distance  XY  =  100  sq.  miles, 
or  Length  XY  =  area  100. 

Thus  we  are  really  equating  a  length  to  an  area.  Now  our 
principle  is  that  all  the  terms  of  an  equation  must  represent 
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quantities   of  the  same  kind.     Let   us    take  our  equation 

F  =  ma. 

Now  m  represents  mass,  and  a  acceleration.  The  latter 
equals  [change  of  velocity]  -f-  [time],  the  square  brackets 
being  used  to  call  attention  to  the  fact  that  we  are 
thinking  of  the  kind  of  quantity  only,  and  not  its 
numerical  value.  But  a  change  of  velocity  is  of  the  same 
kind  as  the  velocity  itself  ;  therefore  acceleration  equals 
[velocity]  -5-  [time],  or,  as  we  may  say,  it  has  the  physical 
dimensions  of  a  velocity  divided  by  a  time.  But  velocity 
itself  equals  [length]  -f-  [time].  A  velocity,  for  instance, 
will  be  so  many  miles  per  hour,  or  cms.  per  second.  It 
equals  [distance]  -r  [time  taken  to  travel  that  distance]. 

Thus  acceleration  is  seen  to  be  of  dimensions  •=£- 

[time]  [time] 

it  is  measured  in  cms.  per  sec.  per  sec.  Now  the  right 
hand  side  of  our  equation  has,  therefore,  the  dimensions 

[mass]  [length]  [mass]  [length]    ., 

-rJ  or,  as  we  may  write,  —  J  ;  there- 

[time]  [time]  [time]2 

fore  by  our  principle  we  must  assume  that  force  is  also  of 
dimensions.    Then,  whenever  we  come  across  force  in 
a  physical  equation  in  future  we  must  ascribe  to  it  these 
dimensions. 

Now  to  apply  our  method.     A  student  submits  an  answi-r 
to  a  physical  problem.     His  answer  is  given  : 

Ft  =  wv2, 

•••  I  =  time,  v  =  velocity.     The  question  is  not  \vlu  thn 
i  correct  solution  of  the  problem  submitted,  but 
t  makes  sense.    Can  a  quantity  which  has  dimensions 
]  [time]  be  equal  to  one  whose  dimensions  are  those 
of  [mass]  [velocity]2  ?    Test  the  dimensions  of  the  two  terms 
equation.     The  first  term,  Ft,  has  evidently  dimensions 

.  [mass]  [length]  [mass]  [length]     _.      ,. 

JXta»€t       -*         Thed,mcn- 


[length]*      [mass]  [length]* 
aons  of  the  second  arc  [mass]  x  Vj*j*  or         [(jm(  J2 

Thus  the  terms  have  d.  limmsinim  and  tin-  equation  is 

1  as  the  statement  ih.it  distance  XY  =  100  sq. 
.     Had  the  result  been  Ft  =  mv,  th<   <lnn»  •n-i«>n^  «•: 

would  liavr  M!.  and  •  tin-  equation 

1  have  "  made  sense,"  though  of  course  that  docs  not 
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/-  v  J  **  sLupzu.  as  mis 

6  horses  =  3  cows  x  2  pigs 


CHAPTER  II 

vitation — Earth  and  Moon — Weight — The  Moon's  Orbit — The 
(•ravitation  Constant — Mass  and  Weight. 

WE  must  now  pass  on  to  consider  another  property 
which  is  common  to  all  substances  known  to  us — 
that  of  Gravitation.  Newton  stated  that  "  Every 
particle  of  matter  in  the  Universe  attracts  every  other 
particle,"  and  went  on  to  give  the  law  of  this  attraction. 

How  the  particles  attract  we  do  not  know.  What- 
Gravi-  ever  the  explanation  may  be,  each  body  subject 
tation  to  gravitational  attraction  behaves  as  though  a 

force  were  applied  to  it,  urging  it  in  the  direction 
of  the  attraction.  In  fact,  we  speak  of  attraction  as  a  force, 
which  we  can  treat  in  exactly  the  same  way  as  any  other  force. 
But  we  are  not  warranted  in  applying  Newton's  law  to  the 
smallest  known  particles  of  matter.  Our  ideas  of  such 
particles  are  quite  different  from  the  ideas  of  Newton's  time. 
We  do  not  know  exactly  how  they  behave  towards  each  other 
individually.  Certainly  large  masses,  such  as  the  earth  and 
the  moon,  behave  as  though  every  part  of  the  one  attracts 
v  part  of  the  other,  with  the  force  given  by  Newton's 
law.  The  law  states  that  tin-  mutual  attraction  between  two 
particles  is  proportional  to  the  product  of  their  masses,  and 
inversely  proportional  to  the  square  of  the  distance  between 
th<m.  Tims,  if  the  masses  are  ml  and  ma  and  the  distance 

ili<m  d,  the  force  on  either  will  be  proportional 

to  — '    * .     To  calculate  directly  from  this  law  in  the  case  of 
and  the  moon  would  be  a  complicated  matter,  for 

!  h.iv.    to  take  a    ;  >f  the  earth  and  calculate 

:  ion  on  every  ;  <>n.  then  take  a  second 

uli  and  repeat  the  process,  and  so  on.     Hut. 

lv,    mat!  shown     that,  according   to 

homogeneous 

sj>heiv>.   or  if   ih«  -y   BIC   -ph<  K  1    of  Imillo^i  ! 

:i«.ii  1>,  ;• 

>l'Mi tK'iial  to  th'  .  i  masses 

i  i 
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divided  by  the  square  of  the  distance  between  their  centres. 
In  fact,  the  spheres  attract  each  other  as  though  their  masses 
were  entirely  concentrated  at  their  centres.  Thus,  if  Ml  is 
the  mass  of  the  earth  and  M2  that  of  the  moon, 
Earth  and  %the  distance  between  their  centres,  the  mutual 

J?d          attraction   is   proportional   to       ^2   2>     This  force 

would  draw  the  two  together  but  for  the  fact  that 
the  moon  is  already  in  rapid  motion  in  another  direction. 
In  Fig.  i  the  moon  M  is  at  a  given 
instant  moving  in  the  direction  MN, 
with  velocity  v.  If  this  motion  were 
stopped,  M  would  fall  to  earth  E.  If, 
instead  of  this,  E's  attraction  were 
suddenly  withdrawn,  M  by  virtue  of 
its  inertia  would  continue  to  move  in 
a  straight  line — in  direction  MN  with 
uniform  velocity  v. 

Again,  a  large  mass  like  the  earth 
and  a  small  one,  even  the  smallest  with 
which  we  can  practically  experiment, 
behave  as  though  they  attracted  one 
another   according    to    Newton's   law,   though,    to 
Weight    be   sure,  we  can   detect    the    effect    only  on    the 
small    one — that    effect    is    the    Weight    of    the 
body.      Since    the    earth    acts    as    though    its    mass    Ml 
were  concentrated  at  its  centre,  the  attraction  on  the  small 
mass,  m  say,  near  the  earth's  surface  will  be  proportional 

to  -^~,  where  R  is  the  radius  of  the  earth,  or  will  be  equal 
K* 

to  Q  K^f  where  G  is  a  constant.     When  the  value  of  this 

constant  is  once  determined  it  should  apply  to  all  cases, 
whether  the  attracting  masses  are  worlds  or  specks  of  dust- 

M-,m 
if  Newton's  law  be  true.      The  force   or  attraction  G  -j^— 

is,  then,  the  weight  of  the  body.     This  would  diminish  if  the 
body  were  removed  further  from  the  earth. 
The  attraction  of  the  earth  on  the  moon,  if  the  law  holds,  is 

GMl^2,  the   only  difference   being   that   the   mass  of   the 
moon  and  its  distance  from  the  earth's  centre  are  different 


FIG.    2. 


THE  MOON'S  ORBIT  1.3 

from  the  corresponding  values  for  the  small  body.  Now  it 
can  be  verified  that  the  same  law  does  hold  for  these  two 
cases.  Let  E  in  Fig.  2  repre- 
the  earth,  and  let  a  small 
body,  say  a  stone,  be  thrown 
horizontally  from  a  tower,  P. 
It  will  describe  a  curve  PA, 
being  pulled  down  by  its 
weight,  i.e.,  by  the  attraction 
of  the  earth,  and  will  come  to 
rest  at  A.  Next,  let  it  be  pro- 
jected again  from  P  with  a 
greater  velocity  than  before. 
This  time  it  will  follow  the  path 
PB.  We  assume  no  air  resist- 
ance. The  curves  PA,  PB  are 
portions  of  ellipses,  and  the 
weight  and  the  velocity  of 
projection  being  known,  they 
can  be  calculated.  Also  the  time  taken  by  the  flights  can 
be  calculated.  If  the  velocity  of  projection  were  sufficient, 
the  body,  although  constantly  attracted  to  the  earth,  would 
describe  the  circle  PQP,  and  the  time  of  flight  could  be  calcu- 
lated. If  not  interfered  with  the  body  would  circulate 
perpetually  around  the  earth  with  uniform  speed.  Now 
suppose  the  height  of  the  tower  to  be  increased.  Assuming 
law  to  hold,  the  weight  of  the  body  would  be  less 
by  a  calculable  amount,  and  the  circular  orbit  would  be 
greater.  A  dilieivnt  velocity  would  be  required,  and  again 
.me  of  revolution  could  be  calculated.  If  the  tower  were 
so  tall  as  to  reat.li  to  I'1,  a  point  on  the  orbit  of  the  moon,  the 
B,  whose  weight  could  again  be  calculated,  \\otiKl.  it 
1  with  prujM  :  .i»e  a  circle  round  the 

h    in   a   period  which   could   be  calculated.     Now   this 
d,  calculated  by  means  «  ue  as 

'.aw,    is  found   to  >  with  the 

d  period  of  the  moon's  revolution  round  the  earth,  thus 
wing  that  the  ati  inch  applies  to  a  stone 

at    t  urface,   giving  it  also 

applies    to  the  moon  and  keeps  the  latter  in  its 
.'it. 

A « ;  to  whether  the  grc 

of  the  moon  should  not  cause  its  time  of  flight  to  be 
trom  that  of  the  stone  in  the  case  given  above.     But 


The 

Moon  s 
Orbit 
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if  one  stone  takes  a  given  time  to  complete  the  circuit,  two 
stones  projected  together  would  take  the  same  time,  and  this 
would  not  be  altered  if  the  two  were  joined  together.  So 
three,  four,  or  any  number  might  be  joined  to  form  a  great 
mass,  and  the  time  would  be  unaltered. 

Gravitation  can  also  be  shown  to  exist  between  two  small 
masses  such  as  can  be  experimented  with  in  the  laboratory. 
Many  experiments  have  been  made  to  measure  this  attraction. 
Assuming  Newton's  law  to  hold  for  this  case,  the  value  of  G 
can  be  determined,  for  here  both  masses  are  known,  also  the 
distance  between  them  and  the  actual  attraction 
The  as  well.  In  a  set  of  experiments  by  Poynting,*  a 

Gravi-  spherical  mass  of  about  20  kilograms  was  attached 
tation  to  a  sensitive  balance,  and  another  mass  of  about 
Constant  150  kilos  brought  underneath  it,  and  the  attrac- 
tion, which  was  exceedingly  small,  estimated  by 
the  resulting  deflection  of  the  balance.  The  numerical  value 

of  G  was  found  to  be  about  — ^. 

We  have  seen  that  the  weight  of  a  body  of  mass  mt  near 
the  earth's  surface  is  G     ^f1.    This  force  measured  in  dynes, 

divided  by  the  mass  of  the  body,  gives  the  acceleration  of  the 

M 
body  towards  the  earth,  i.e.,  acceleration  =  G-~.     If  the 

body  falls  freely  from  rest  under  the  action  of  gravity,  its 
velocity  at  the  end  of  i  second  will  be  numerically  equal  to 
the  acceleration.  This  velocity  might  be  found  directly  by 
experiment,  though  other  and  more  accurate  methods  can  be 
employed.  Its  value  near  the  earth's  surface  is  about  981  cms. 
per  sec.,  so  that  the  acceleration  of  the  body  is  981  cms.  per  sec. 
per  sec. 

Thus,  taking  numerical  values  only  :f 

G  g  =  98i, 

or  6*7  .          MI_      __    gl 

io8    (6*37  x  io8) 2  ~ 
for  the  radius  R  of  the  earth  is  about  6-37  X  io8  cms.     This 

*  Dr.  J.  H.  Poynting,  late  Professor  of  Physics  in  the  University  of 
Birmingham. 

|  Remember  Mx  is  the  numerical  value  of  the  mass  Mj,  thus  we  may 
say  M1=M1  grins.,  and  so  on. 
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gives  for  the  mass  M l  of  the  earth  about  6  X  io-7  grms.  Also, 
since  tlu-  weight  of  the  body  whose  mass  is  mt  is  G  ~  mlt  and 
since  G  -^  =  981  cms.  per  sec.  per  sec.,  we  see  that  the 

weight  of  a  body  in  dynes  is  numerically  equal  to  981  times 
its  mass  in  grms.,  and,  in  particular,  that  a  mass  of  I  grm. 
weighs  981  dynes.  The  weight  diminishes  as  the  mass  is 
removed  further  from  the  earth's  surface. 

Although  the  law  of  gravitation  is  found  to  have  such  wide 
applications,  it  has  not  been  proved  to  apply  to  the  smallest 
particles  of  matter,  and  we  must  be  careful  not  to  assume,  on 
insufficient  evidence,  that  it  does  so. 

Before    leaving    the    subject    of    gravitation    it    may  be 

desirable  to  consider  a  point  about  which  confusion 

Mass       often  exists.     We  have  spoken  of  mass  as  quantity 

and          of  matter,  and  weight  as  a  force  of  attraction  between 

Weight    a  body  and  the  earth.     The  first  is  measured  in 

grammes  and  the  second  in  dynes.     The  first  has  the 

dimensions  of   [mass],   and   the  second  of   [mass3  Pength] 

[time]2 

The  first  is  constant  in  magnitude  wherever  the  body  may  be, 
cond  diminishes  as  the  body  is  removed  farther  from  the 
earth's  surface,  and  in  outer  space  has  practically  no  value 
at  all.  And  yet  these  t\v<>  entirely  different  things  are  very 
confused  with  one  another.  The  student  is  not 
altogether  to  blame  for  this.  In  common  language  the  gramme 
and  tin-  pound  are  spoken  of  as  weighs  instead  of  m.i 
and  even  in  the  Physics  classroom  the  operation  of  deter- 
mining the  mass  of  a  body  is  spoken  of  as  weighing  ;  and  a 
box  of  standard  masses  is  called  a  box  of  weights.  And  so 
far  a  :  ill's  surface  are «  1.  the 

iit  is  proportional  to  tin-  mass,  for  we  have  s«.  n  tli.it, 
mniKTically.    tin    w.-i.nht  =  981  x  the  mass  for  all   bodies, 
and   this  accounts  to  some  extent    for  the  cunfu>ion.     An 
•n  may  serve  to  brin^  home  tin-  ditieivnce  bet 
nd  weight.     1  ;is  we  have  seen,  is  bound  up 

with  the  mass  of  a  body;   it  remains  constant  however  the 
vary  with  <  :  in   tin-  earth. 

1   l>l«»\vs  with  a  hamm<  r  is  making 
1  not  of  the  weight  of  tin-  hamm<  : 

10  some  extent  h« 
one  struck  u;  hindered  by  it.     If  a  cavity  could 
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be  made  in  the  centre  of  the  earth,  and  the  man  and  his 
hammer  conveyed  to  it  without  injury,  they  would  have  no 
weight,  for,  although  every  portion  of  the  earth  would  still 
attract  them,  these  attractions  would  be  distributed  equally 
in  all  directions,  and  there  would  be  no  resultant  attraction 
or  weight.  But  the  mass  and  the  inertia  of  the  hammer 
would  remain,  and  blows  equal  to  the  horizontal  ones  referred 
to  above  could  be  struck. 


CHAPTER  III 

Solids  and  Fluids — Elasticity— Kinetic  Theory  of  Matter — Surface 
Action — Vapour — Surface    Tension — Vapour    Pressure — Criticism    of 
iod — Calculation  of  the  Pressure. 

SO  far  we  have  dealt  with  properties  common   to  all 
forms  of  matter.     But  the  most  casual  observation 
will  show  us  that  different  substances  possess  very 
rent  properties.     One  of  the  most  obvious  distinctions 
it  between  solids  and  fluids,  the  latter  comprising  liquid-, 
vapours,     and    gases.     The    scientific    distinction 
Solids      between  solids  and  fluids  does  not  exactly  coincide 
and          with  the  everyday  one.     A  lump  of  pitch  is  strictly 
Fluids      a  fluid,  though  it  is  a  hard  and  brittle  substance. 
If  it  be  put  into  a  funnel,  and  allowed  to  remain 
long  enough,  it  will  flow  like  a  thick,  viscous  liquid.     A 
placed  on  the  surface  of  a  vessel  of  pitch  will  sink  in  tinu- 
:h  th«    mass  to  the  bottom.     The  pitch,  in  fact,  will 
continuously  to  the  slightest  force  tending  to  change 
its  shape,  though  it  may  do  so  only  very  slowly.    This  con- 
^titutts  its  right  to  be  regarded  as  a  fluid.     Every  solid  body 
even  to  the  slightest  force,  but  not 
mously.     It  will  yield  to  such  and  such  an  extent, 
long  the  application  of  force  be  continued,  no 
g  will  take  place.     When  the  force  is  withdrawn , 
A  ill  regain  its  original  shape.     Great  force,  how< 
distortion  01  •.    The  yiel<! 

win-  hie  to  the  application 

Elas-       of  a  force,  is  proportional  t<>  th<-  force,  so  long  as 
ticlty  iot  too  gp -.it.     Tin-    b   i   -•  n<  i  il  law  of 

called  Hooke's  l.iw.*     Both  solids  and 
1  more  or  less  to  forces  whirh  tend  to  compress  them 
volume.      The  extent  of  this  yielding  is  also 
applied  pressure.     It  i    not  continuous, 
no val  of  the  pressure  th< 
'  ance  regains  its  original  volume. 
'       Vrt    Hookc  (1635-1703)  was  an  English  experimental  \' 

»  17 
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All  matter,  solid  or  fluid,  is  made  up  of  small  particles,  the 
constitution  of  which  we  shall  consider  later,  and  these  are 
in  a  continual  state  of  agitation.  The  agitation 
Kinetic  of  the  particles  of  a  liquid  is  rendered  evident  by 
Theory  of  what  is  known  as  the  Brownian  movement.  In 
Matter  1827  Brown,  an  English  botanist,  described  a 
microscopical  observation  on  minute  bodies 
suspended  in  liquid.  These  he  found  to  be  moving  con- 
tinually in  rapid  irregular  jerks,  the  motion  being  more 
vigorous  the  smaller  the  bodies.  The  reason  for  this 
movement  was  not  understood  at  the  time,  but  it  is  now 
known  to  be  caused  by  irregular  bombardments  of  the 
bodies  by  the  particles  of  liquid.  The  experiment  forms 
a  very  interesting  confirmation  of  the  kinetic  theory  of 
matter. 

In  solids  the  separate  particles — or,  at  least,  those  which 
form  the  general  framework  or  skeleton  of  the  body — never 
move  any  considerable  distance  from  their  mean  positions. 
In  many  cases  of  crystals  the  actual  spacing  and  arrangement 
of  these  have  been  determined  by  a  remarkable  application 
of  X-rays.  But  in  liquids  and  gases  the  particles  are  free  to 
roam  about  and  visit  all  parts  of  the  substance.  In  both 
solids  and  liquids  the  particles,  being  close  together,  exert 
strong  forces  on  each  other,  but  in  the  case  of  liquids  these 
do  not  prevent  the  particles  from  gliding  about  amongst  one 
another.  They  do,  however,  exert  a  strong  influence  in  pre- 
venting a  particle  from  leaving  the  liquid  altogether,  say  at  a 

surface  exposed  to  the  air.  For,  although  a  particle 
Surface  in  the  interior  of  the  liquid,  which  is  acted  on  in  all 
Action  directions  by  the  adjacent  particles,  is,  on  the 

whole,  free  to  move  in  any  direction  so  far  as  these 
forces  are  concerned,  yet  a  particle  near  the  surface  of  the 
liquid — with  but  few  others  between  it  and  the  surface- 
is  acted  on  by  a  strong  resultant  force  towards  the  interior 
of  the  liquid  mass.  Thus  it  has  difficulty  in  escaping,  and  will 
not  do  so  unless  its  velocity  towards  the  surface  is  great. 
The  forces  holding  the  particle  back  must  not,  however,  be 
supposed  to  be  gravitational.  As  we  have  already  said,  we 
do  not  know  exactly  the  nature  of  these  forces  which  act 
between  individual  particles.  Those  with  which  we  are  now 
dealing  at  any  rate  have  no  appreciable  effect  except  at  very 
minute  distances.  But,  .be  this  as  it  may,  a  particle  roaming 
about  through  a  liquid  finds  it  very  difficult  to  pass  across 
the  surface  layer.  As  it  nears  the  surface  its  velocity  towards 
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the  surface  will  be  rapidly  reduced,  and  the  contrary  force 
will  increase.  Only  the  swifter  particles  will  escape.  These 
will  travel  in  straight  lines  till  they  collide  with  other  particles 
or  obstacles,  when  they  will  rebound  and  travel  again  in 
straight  lines,  generally  with  altered  velocities. 

Imagine  a  case  in  which  a  closed  vessel,  A,  Fig.  3,  contains 
originally    nothing    but    a    quantity    of 
liquid.  L,  the  space  S  above  this  being 
a  perfect  vacuum.     From  time  to  time 
part  ides  will  emerge  from  the  liquid  sur- 
face, and  will  "cushion"  and  "cannon"  . 
and  occasionally  return  to  "  baulk  " — i.e.,  " 
will  in  their  erratic  flight  penetrate  the 
liquid  surface  again,  to  be  held  back  for 
a  while  from  further  participation  in  the 
game.     At    first,     the    number 
Vapour    leaving  the  surface  per  second  will 
be    greater    than    the    number 
returning.     But,  as  the  population  in  the 
space  S  becomes  greater,  the  number  striking  the  surface  per 
second  will  increase,  and  at  last  will  equal  the  number  leaving 
it.     Then    the   population    will    remain    stationary.     If    it 
increased,  the  number  striking  the  surface  would  be  in  excess 
of  the  number  leaving  it  in  a  given  time,  and  this  would 
cause  the  population  to  be  reduced  again.     So  a  "  steady 
will  be  reached  in  which  a  nearly  constant  number 
of   particles,    though   the    individuals    will    be    continually 
ing,  will  rxist  in  S.     They  will  constitute  the  vapour  of 
[uid,     The  distinction  between  the  liquid  and  the  vapour 
in  the  vessel   i^  due  to  the  action  of  the  surface  layer  in 
holding  t);i(k  all  but  a  small  proportion  of  the  liquid  particles. 
If.  however,  the  vapour  were  drawn  off  as  fast  as  it  formed, 
i at  no  particles  returned  to  the  liquid,  the  whole  of  the 
liquid  would  in  time  evapora 

tin-  sin :  not  only  such  as  to  give  rise  to  a 

net   demarcation   between   the   liquid   and   its   vapour. 
\'ine  a  spherical  drop  of  water    A 
:iin£.  say,  I  cubic  cm.,  the  shaded  portion,  nun  h 
Derated,    representing    the   smfa<v    layer    int«> 
Surface    win.  h    j  find    it    ditiimlt    to   enter.     Now 

Tension   MIJI|><>S»'    the   drop  drawn   out   into   the   form   B. 
Evi  n<  h  more  of  the  i  c.c.  is  now  contained 

in  tl.  i  than  before,  and  therefore  n 

bren  fnnvd  into  this  hyrr  whi<  h  w.-ro  originally  in  the 


20  PHYSICS 

body  of  the  drop.     Such  a  process  would  be  resisted  by  the 
forces  we  have  been  considering,  and  if  the  drop  were  now 


FIG.  4. 

left  to  itself,  it  would  tend  to  resume  its  original  spherical 
shape — the  shape  in  which  the  surface  is  a  minimum.  A 
liquid  thus  resists  any  attempt  to  increase  the  area  of  its 
surface  ;  it  tends  to  reduce  this  area  as  much  as  possible. 
In  fact,  the  surface  layer  behaves  very  much  like  a  film  of 
stretched  rubber.  This  property  is  known  as  Surface  Tension. 
Many  striking  experiments  can  be  made  with  liquid  films 
in  a  state  of  tension ;  the  commonest  is  the  blowing  of  an 
ordinary  soap  bubble. 

We  will  now  return  to  the  vapour  in  the  space  S,  Fig.  3. 

This  vapour  exerts  a  pressure  on  the  sides  of  the  vessel.      To 

account  for  this  we  must  refer  again  to  the  laws  of 

Vapour    m°ti°n-     We  saw  that  the  force  applied  to  a  body 

Pressure  *s  Pr°P°rtional  to  the  rate  of  change  of  momentum 

generated,   i.e.,   to  the  momentum  generated  per 

second.     Using  proper  units,  we  may  write  :  Applied 

force  =  momentum    generated    in    I    second.     Again,   if    a 

body  possesses  momentum,  and  a  force  be  applied  so  as  to 

bring  the  body  to  rest,  the  same  relation  applies,  the  force  is 

equal  to  the  reduction  of  momentum  brought  about  in  one 

second.     Thus,  if  a  body  having  a  momentum  of  100  units 

/     ,  [mass]  [length] 

(and  as  momentum  is  mass  X  velocity,  or    -  — -, 

[time] 

we  must  call  the  units  grm.  cms.  per  sec.)  be  brought  to  rest 
in  5  sees,  by  a  force  uniformly  applied,  this  force  must  be  equal 

to  —  or  20  dynes,  for  the  momentum  is  reduced  by  20  units 

per  second.  As  action  and  reaction  are  equal,  we  might  as 
well  say  that  the  body  exerts  this  force  against  that  which 
is  resisting  its  motion.  The  body  in  5  seconds  gives  up 


V  cms. 
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100  grm.  cms.  per  sec.  of  momentum  to  the  resisting  body, 
and  exerts  in  so  doing  a  uniform  force  of  20  dynes  upon  it. 
Thus  the  force  exerted  is  equal  to  the  momentum  given  up 
per  second.  Now,  if  a  stream  of  matter  strikes  an  obstacle, 
and  is  thereby  brought  to  rest,  as  in  the  case  of  water  striking 
a  surface  AB,  Fig.  5  (and  falling  away  by  gravity— this  does 
not  affect  our  calcu- 
lation), then  the  force  A 

d  on  the  obstacle 
by  the  stream  is  equal 
to  the  momentum  - 

given  up  by  the  stream  

(or  destroyed   in   the  -> 

stream     by    the    ob-  

stacle)  per  second,  the  

force,  of  course,   con-  ^ 

tinuing   uniformly    as 

long  as  the  stream  acts.  B 

To  calculate  this  force  !  ki    5 

it    is   only    necessary 

to   multiply   the  mass  of   water   in  grms.  coming  up  in  i 

second  by  the  velocity  of  the  stream  in  cms.  per  second,  and 

the  resulting  force  will  be  given  in  dynes. 

We  will  consider  the  force  on  I  sq.  cm.  of  the  plate,  and 

^ard  that  part  of  the  stream  falling  outside  this  area. 

;orce  per  sq.  cm.  is  called  the  Pressure.     We  wish  then  to 

calculate  the  pressure  on  the  plate.     Let  v  =  velocity  of  the 

in  in  cms.  per  sec.     Consider  an  imaginary  cylinder  of 

i  of  length  v  measured  in  cms.,  and  I  sq.  cm.  in  cross 

i.     The  length  <>1  the  cylinder  is  thus  tak 

be  numerically  equal  to  the  velocity  of  the  stream.     It  cannot 

be  physically  equal  to  it,  for  the  dimensions  of  a  Im^th  an 

ame  as  those  of  a  velocity.     We  ha\v  to  < -aU  ulate 

i.iussof  the  water  comin-  up  in  i  •  1«  ntly.  all  the 

at  the  beginning  of  any  second 

will  strike  tin-  plat.'  dm m-  tin   OOUTM  of  that  second.     None 

ill  do  M».     \V.  need  to  know  the  mass  of  this  quantity 

Its  volume  is  v  X  I1,  measured  in  c.cs.,and  if  its 

the  mass  per  c.c.,  be  d<  v  d.  th«-  total  mass 

will  be  rfvi1,  or  dv.  >s  multiplied  by  the  velocity, 

•  •ssurc  it  viz.,  dv*t  measured  in 

•  rding.  let  us  t< >t  our  result  by  the  method  of 

'I  In-    t<    t    will   not  .ise  guarantee 
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accuracy  of  the  result.  The  pressure  is  a  force  divided  by  an 
area  (force  per  sq.  cm.),  i.e.,  its  dimensions  are 

Criticism     those  of 

of  [force]  [mass]  [length]    ,  [mass] 

Method  [length]2  (r  [time]2  [length]*  Le>' [time]2  [length]- 
Now  the  product  dv2  has  dimensions  [density]  x 

[velocity]2,  i.e. : 

Jmass]         [length]2  [mass]          [length]2 

[volume]  ;     [time]  [length]3    '      [time]2' 

[mass] 
i.e., 


[length]  [time]2 

as  required.  But  during  the  calculation  we  arrived  at  the 
expression  dv  as  representing  a  mass.  Now,  can  dv  represent 
mass  ?  We  were  using  v  to  represent  a  length  in  cms.  and  d 

[mass]      ,,  [mass] 

was  -=r  —  n4o;  thus  dv  had  dimensions  ~  —  -r^  x  [length], 
[length]3  [length]3 

or  TT  -  CTW   which  certainly  cannot  be  mass.     The  fact  is 
[length]2 

that  we  have  dropped  an  area,  [length]  2,  for  we  took  the  area 
of  our  stream  to  be  i  sq.  cm.  or  i2,  and  then,  because  the 
factor  i2  makes  no  difference  to  a  numerical  value,  we  left  it 
out.  But  in  so  doing  we  spoilt  our  physical  dimensions. 
Again,  we  used  v  to  represent  length  in  one  part  of  the  calcula- 
tion and  velocity  in  another.  The  result  turned  out  to  be 
correct  in  the  end,  and  the  procedure  we  adopted  is  a  common 
one,  which  is  often  convenient  and  fairly  safe. 

Let  us,  however,  go  over  our  problem  again  on  more 
accurate  lines,  taking  care  not  to  drop  out  any  dimensions. 
Instead  of  calculating  force  on  i  sq.  cm.,  let  us  calculate  it 
on  A  sq.  cms.,  where  A  of  course  has  dimensions  [length]2, 
and  consider  the  action  of  the  stream  for  t  sees,  instead  of  i. 
Now,  taking  A  as  area  of  the  imaginary  cylinder,  and  L 
as  its  length  (i.e.,  the  length  which  comes  up  to  the  plate  in 
t  sees.),  the  mass  coming  up  in  the  t  sees,  will  be  dAL. 

=  [mass]}-    The  velocity  is 
v  cms.  per  sec.,  and  therefore  the  momentum  given  up  in  the 

secs-  is  dALv-         x 


11  Hi  —  it  or  [mass]  X  [velocity]  j  ,  which  is  correct  for 
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momentum,  and  the  momentum  given  up  per  sec.  is 


U 

dALv 
t 


which  is  of  correct  dimensions  for  a  fo 


([mass]  [length]) 
[time]1       ) 

But  -  is  equal  to  the  velocity  v  of  the  stream,  and  it  is 
of  correct  dimensions  for  a  velocity  ;  thus  the  force  exerted 

is  dAv*.    And  the  force  per  sq.  cm.  (or  pressure)  is  -  —  ordv*, 

A 

which  as  before  is  of  correct  dimensions  for  pressure.  We 
have  thus  found  the  pressure  exerted  by  a  stream  of  matter 
of  given  density  impinging  on  a  plate  with  given  velocity. 
If  a  similar  stream  were  projected  from  the  plate,  say  by  a 
series  of  fine  jets,  there  would  be  a  reaction  on  the  plate  just 
equal  to  the  force  calculated  above.  So  that,  if  the  stream 
impinging  on  the  plate  rebounded  with  the  same  velocity, 
the  total  pressure  on  the  plate  would  be  double  that  which 
we  have  calculated. 

Now  to  apply  all  this  to  the  problem  of  vapour  pressure. 

The  particles  move  in  all  directions  and  with  various  velocities  ; 

but  if  we  wish  to  calculate  the  pressure  which, 

Calcula-      due  to  impacts  and  rebounds,  they  exert  on  the 

tion  of  the  walls  of  the  vessel,  we  must  simplify  our  problem 

Pressure      by  supposing,  first,  that  they  all  move  with  a 

mean  velocity  v  (say  v  cms.  per  sec.),  and  then 

th;it  tin  A*  move  in  paths  either  parallel  or  perpendicular  to 

the  wall  on  which  the  pressure  is  to  be  determined.     Thus 

nay  suppose  that  J  of  the  particles  move  in  a  stream 
with  velocity  v  in  direction  A, 

<  ndicular  to  tho  wall  XY,  ^         r»  * 

'•  ;  another  J  in  direction 
B;  a  third  and  fourth  in 

tions  C  and  D  ;  and  tin- 
two  remaining  portions  in 
directions  towards  and  away 
from  the  reader,  perpendicu- 
lar t<>  the  plane  of  the  diagram, 
all  with  velocity  v.  Tlx 

?  will  !><•  in-arlv  th«-  ^ame, 
so  far   as   the   plate   XV 
cone  the   more 

complicated     actual       case. 
Each  of   the   six  stream 


••  6. 
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supposed  to  fill  the  whole  of  the  vessel  and  to  move  through 
the  others — no  collisions  taking  place.  Evidently,  only 
the  first  and  second  streams  will  produce  an  effect  on 
XY,  and  these  will  produce  equal  pressures  on  it.  We  need, 
then,  only  calculate  the  pressure  due  to  the  first  stream, 
and  double  this  to  get  the  whole  pressure  on  XY  due  to  the 
vapour.  Just  as  in  the  case  of  the  stream  of  water  we  find 
the  pressure  by  multiplying  the  density  by  the  square  of  the 
velocity.  But  if  the  density  of  the  vapour  in  grms.  per  c.c. 
is  p,  the  density  of  one  stream  is  only  J  p,  and  therefore  the 
pressure  due  to  this  is  J  pt;2.  Doubling  this,  we  find  that  the 
"  vapour  pressure  "  is  equal  to  J  pi>2.  This  pressure  is  exerted 
on  every  surface  with  which  the  vapour  is  in  contact,  includ- 
ing the  surface  of  the  liquid.  Indeed,  we  already  know  that 
as  many  particles  leave  the  liquid  surface  in  a  given  time  as 
re-enter  it,  and  the  effect  of  a  particle  striking  the  surface 
and  sticking,  and  of  a  new  particle  leaving  the  surface,  is  just 
the  same,  so  far  as  pressure  is  concerned,  as  that  of  a  single 
particle  striking  the  surface  and  rebounding. 


CHAPTER  IV 

Kinetic  Energy — Potential  Energy — Expression  for  Kinetic  Energy 

— Heat — Critical     State — Temperature — Boyle's     Law — Gas     Law — 

i  hermometer — Latent  Heat — Joule's  Equivalent — Specific  Heat. 

IT  is  now  necessary  to  introduce  a  new  conception,  that 
of  Energy.     A  moving  body  possesses,  by  virtue   of 
its    motion,   Kinetic  Energy,    the   quantity   of    which 
depends  partly  on  the  mass  of  the  body  and  partly  on  its 
velocity.     Each  particle  of  vapour  possesses  its  own  kinetic 
energy,  which  alters  in  amount  every  time  a  collision 
Kinetic    causes   a   change   in   its   speed.     But  energy  can 
Energy    exist  in  other  forms,  and  can  be  transferred  from 
body  to  body,  just   as  one  moving  particle  may 
collide  with  and  set  into  motion  another,  so  giving  up  part 
or  all  of  its  kinetic  energy. 

If  a  heavy  body  is  to  be  lifted  to  a  certain  height,  work 
must  be  done,  or  energy  expended,  equal  to  the  weight  of 
ill-   Ixxly  multiplied  by  the  height  through  which  it  is  raised. 
The  upward  force  to  be  applied  must  be  equal  to  the  weight 
•  -f  the  body  or,  what  is  the  same  thing,  to  the  force  of  gravity 
acting  upon  it.      If  the  distance  traversed  is  small,  we  may 
his  force  to  be  uniform.     Let  the  weight,  or  tin- 
lifting  force,  be  w  dynes,  and  the  height  raised  h  cms.  ;   tin -n 
ncrgy  expended  is  equal  to  wh  units.     These  units  are 
railed  Krgs.    The  energy,  however,  is  not  lost ;  it  is  stored 
in  the  body  (strictly  in  the  gravitating  system — earth  and 
body).     It  is  said  to  exist  in  the  form  of  Potential  Energy. 
Now  suppose  the  body  to  be  allowed  to  fall  freely 
Potential     under    the    a<  tion    of   gravity    through    h   cms. 
Energy        Gravity  pulls,  and  the  velocity  of  the  body  con- 
tinually increases,  exactly  as  was  the  case  with 
vagon  of  Chapter  I,  to  which,  also,  a  uniform  font 
appl  ;id  of  the  h  cms.  the  body  moves  with  its 

locity  v,  say,  just  before  Striking  the  ground. 
c  of  the  pol  .-     It   exists  as 

in   the  moving  body.     This   kinetic  energy 
:.inisin,  In-  ti  d  to  an« 
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body  of  equal  weight,  and  made  to  lift  it  exactly  h  cms. 
—  at  least  if  mechanisms  could  be  made  to  work  perfectly 
and  without  friction.  Thus  the  kinetic  energy  is  equal  in 
amount  to  the  original  potential  energy.  Let  us  obtain  an 
expression  for  the  kinetic  energy.  First  we  must  determine 
the  velocity  of  the  falling  body  at  a  depth  of  h  cms.  from  its 
highest  point.  During  the  fall,  a  force  of  w  dynes  has  been 
acting,  and  we  know,  therefore,  that  the  acceleration,  say  g, 
of  the  body  will  be  given  by  the  equation  w  =  mg*  Since 
weight  and  mass  are  proportional  for  all  bodies  at  the  earth's 
surface,  g  is  the  same  for  all  bodies  at  the  surface—  subject 
to  a  small  correction  due  to  the  fact  that  the  earth  is  not 
exactly  spherical.  It  is  less  for  bodies  further  removed,  for, 
while  m  remains  constant,  w  diminishes.  Now,  as  we  saw  in 
Chapter  II,  since  the  body  starts  from  rest,  it  is  clear  (the 
acceleration  being  the  rate  of  growth  of  velocity,  or  the 
growth  of  velocity  per  second)  that  at  the  end  of  one  second 
the  velocity  in  cms.  per  sec.  will  have  become  numerically 
equal  to  g.  That  is,  the  velocity  at  the  end  of  I  second 
will  be  numerically  equal  to  the  acceleration  of  the  body. 
As  the  acceleration  remains  constant  throughout  the  fall, 

being  always  -,  it  follows  that  at  the  end  of  the  2nd  second 

the  velocity  will  have  become  numerically  equal  to  2g,  and 
so  on.  Or  in  time  t  from  the  start,  the  velocity  will  be  gt  ; 
thus  we  obtain  :  v  =  gt. 

In  the  example  proposed,  however,  we  do  not  know  the  time 
of  fall,  but  only  the  distance  h.  We  must  therefore  connect 
h  and  t  by  an  equation,  and  then  we  can  determine  the  velocity 
at  the  end  of  the  fall  h.  Now,  if  a  body  falls  for  time  t,  with 
uniform  velocity  v,  the  distance  travelled  will  be  vt.  But 
if  it  falls  from  rest  with  uniformly  increasing  velocity,  the 
final  velocity  being  v,  the  distance  will  be  (mean  velocity)  > 
(time),  i.e.,  \vt.  In  our  example,  then,  we  have  h  =  \vt,  v 
being  the  final  velocity  of  the  body  which  started  from  rest, 
t  the  time  of  falling,  and  h  the  distance  fallen.  Now  we  are 
in  a  position  to  determine  what  we  set  out  to  find,  viz.,  the 
velocity  of  the  body  at  the  end  of  its  fall  of  h  cms.  For  : 


*  g  is  the  G       l  of  Chapter  II. 
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Ihi-  gives  the  square  of  the  velocity  after  fall  h  from  ; 
But  the  energy  wh  or  nigh,  which  was  in  the  potential  form, 
has  now  become  transformed  into  the  kinetic  form,  so  we 

must  express  mgh  in  terms  of  the  mass  and  velocity 
Expression  of  the  body.  Or  we  must  write  an  equation  of 
for  Kinetic  this  form  :  (Potential  energy  at  start)  =  (Kinetic 
Energy  energy  at  finish),  i.e.,  mgh  =  (an  expression 

in  terms  of  mass  and  final  velocity  of  body). 

But  since  the  equation  must  be  true,  and  since  h  =  — ,  we  can 

v*  2g 

only  write  mgh  =  mg—, 

or  mgh  =  \mv*t 

which  shows  us  that  the  kinetic  energy  of  the  moving  body 
is  equal  to  \mv2. 

Now  any  body  of  mass  m  moving  with  velocity  v  has  this 
kinetic  energy,  whether  the  velocity  be  produced  by  gravity 
or  not,  and  whatever  the  direction  of  motion  may  be.  Kinetic 
energy  has  nothing  special  to  do  with  gravity  ;  it  may  equally 
be  obtained  by  means  of  any  other  force,  such  as  force 
applied  to  a  cricket  ball  by  the  hand  or  to  a  wagon  by  a 
man  pushing  it. 

Ev-  xle,  then,  of  a  vapour  is  endowed  with  kinetic 

:y,  and  the  whole  kinetic  energy  of  the  vapour  is  simply 

im  of  the  kinetic  energies  of  the  particles.     It  does  not 

^arily  follow  that  all  the  energy  of  the  vapour  is  in  the 

form    of    "kinetic    energy    of    translation."     Tli.-    par 

.,iy  have  energy,  due  to  rotations  and  vibration> 
:i-'ir  own  account,  in  addition. 

I  practically  with  the  energy  of  tin-  vapour 

iot  consider  each  particle  separately,   but 

Heat         mu  ;y  as  a  \vh»»l«-.     Tin-  i-  called 

of  tlu:  vapour.     Besides  heat,  tin   vapour 

Assess  other  forms  of  energy,  such  as  chemical  energy. 

«  tion  takes  place  this  will  i< main  in  the 

form.     Liquids  and  solids,  whose  particles  a; 

energy. 

Cot  3,  and  su  it  to  con- 

"iilvliqis-  'ted  condition. 

ibove.   Now  let  1 1 
:icrgy  of  tin-   whole  .    vessel,  liquid,  and  v.i : 
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a  vapour,  the  particles  of  which  have  greater  velocities  than 
those  of  the  inner  vessel.  Or  a  constant  stream  of  such  vapour 
may  be  passed  through  the  outer  vessel.  Now  these  high 
speed  particles  continually  strike  the  outside  of  A,  Fig.  7, 
^  and  communicate  some  of 

their  kinetic  energy  to  the 
particles  composing  it.  These 
in  turn  pass  on  energy  to 
the  liquid  and  vapour  within, 
thus  speeding  up  their  par- 
ticles. This  goes  on  until 
the  inner  ones  possess  on  the 
average  as  much  kinetic 
energy  as  those  outside.  We 
have,  in  fact,  heated  the  vessel 
A  and  its  contents  by  means 
of  a  hot  vapour  jacket,  say 
a  steam  jacket. 

**  A  new  state  of  affairs 
now  exists  in  A.  Liquid 
particles  in  greater  numbers 
than  before  are  able  to  penetrate  the  surface  and 
escape  into  the  vapour.  This  increases  the  population 
in  the  space  above  the  liquid,  until  a  new  steady  state  is 
reached,  in  which  the  number  of  particles  in  the  vapour 
is  greater,  and  consequently  the  quantity  of  liquid  less  than 
before.  The  particles  also  move  with  greater  velocity  than 
before,  and  so  the  streams  impinging  on  the  walls  of  the 
vessel  are  both  denser  and  swifter,  thus  the  pressure  is  greater ; 
in  fact,  the  vapour  pressure  has  been  increased.  If  more  and 
more  heat  be  applied,  the  vapour  will  become  denser  and 
denser,  and  the  particles  will  more  and  more  easily  penetrate 
the  surface  layer.  The  surface  tension  will  diminish,  and 
finally  all  signs  of  a  surface  of  separation  between  liquid 
and  vapour  will  disappear.  The  "  Critical  State  "  has  been 
reached,  and  the  vessel  is  filled  with  a  homogeneous 
Critical  mass  of  the  substance.  If  more  heat  be  applied, 
State  the  condition  of  the  substance  is  said  to  be  that  of 
a  gas.  Below  the  critical  point,  liquid  and  vapour 
can  exist ;  above  it,  only  gas.  Below  the  critical  point, 
pressure  applied  to  the  vapour  will  cause  it  to  condense  to 
the  liquid  form  ;  above  it,  no  amount  of  pressure  will  do  so. 
Atmospheric  air  in  its  ordinary  condition  is  well  above  its 
critical  point,  and  cannot  be  liquefied  by  the  mere  application 
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of  pressure.     To  produce  liquid  air.   much  heat   must  be 
extracted  and  great  pressure  applied. 

The  kinetic  theory,  which  we  have  applied  to  vapour,  is 
also  true  for  gases.  Consider  a  vessel  full  of  gas.  Its  particles 
give  rise  to  a  pressure  equal  to  Jpv2,  the  symbols  having  the 
same  meaning  as  before.  In  order  to  be  able  to  express  its 
state  with  regard  to  heat,  we  must  introduce  the 
Tempera-  term  Temperature.  Now,  we  possess  a  special 
ture  sense  by  means  of  which  we  can  perceive  varia- 

tions of  hotness  or  coldness.     If,   for  instance, 
'lunge  a  hand  into  the  mass  of  gas,  we  can  estimate 
tly  (but  roughly)  its  temperature  or  its  degree  of  hotness. 
We  cannot  estimate  the  quantity  of  heat  in  the  gas — that 
is  a  matter  of  the  kinetic  energy  of  the  particles ;  heat  and 
temperature  must  not  be  confused.     There  is  vastly  more 
in  a  cubic  foot  of  hot  water  than  in  an  equal  volume 
tter  vapour  standing  over  it ;  yet  the  temperature  of  the 
may  be,  and  would  be  under  conditions  like  those  of 
.5,  the  same.     Temperature,  in  fact,  is  analogous  with 
Level.     Just  as  water  will  flow  from  a  tank  at  high  level  to 
one  at  lower  level,  if  a  channel  be  opened  between  them,  so 
will  flow  from  a  body  at  high  temperature  to  another 
at  lower  temperature,  in  contact  with  it.     In  fact,  the  use 
of   the  words  high  and  low  in  connexion  with  temperature 
>gy.     The  heat  in  the  case  of  Fig.  7  flowed 
the  outer  high  temperature  jacket  to  the  inner  vessel, 
which  wa>  at  lower  temperature,  till  the  latter  was  raised 
temperature  of  the  jacket.     Considering,  then,  our 
vessel  full  of  gas,  we  must  ascribe  to  it  a  definite  temperature, 
say  T.     If  tin-  gas  be  heated,   the  kin.  tic  energy  will  be 
th«-  value  of  Jmv2  for  each  particle  will  on  the 
Creased.     Since  \m  remains  the  same,  the  value 
of  v*  must  be  greater  than  before.     At  the  same  time 

to  consider  the  temperature  T 
age  Jwv*  of  the  particles,  say, 
tor  instance  r  =  **«„«. 

re  k  is  some  constant  whose  actual  value  we  need  not 
fv. 

luced  to  zero  (assuming  this  were 

>ul<l  be  O,  or  the  temperature  of  the  gas  would 

This  state  of  things  is  beyond  the  limits  of  .ictu.il 

it.     Of  <  of  the  gas  would  at 

time  b<  to  zero,  for  there  would  be  no  impacts. 
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Let  us  suppose  that  a  given  mass  M  of  gas  is  enclosed  in  a 

vessel,  Fig.  8,  and  that  the  volume  V  can  be  altered  by  means 
of  the  air- tight  piston  Q.     The 

Boyle's    pressure  outside  Q  must  be  equal 

Law         to  the  pressure  of  the  gas,  sup- 
posing the  piston  to  be  without 

weight  and  capable  of  moving  without 

friction.     Let  P  be  the  pressure  of   the 

gas,  and   T   its  temperature,    which  we 

will   call   absolute   temperature,   because 

its    zero    corresponds    to    the    state   in 

which  no  heat  at  all  would  exist.     Also 

let  the  density  of  the  gas  in  grms.  per 

M 
c.c.   be   p ;    then    p    =     -=*,   or   for  the 

given   mass   density  is  inversely  propor- 
tional to  volume.     If  the  temperature  T  FIG.  8. 
be  kept  constant,   and  the  pressure  be 
changed,  say  by  weighting  the  piston,  from  Pl  to  P2,   the 
volume  will  change,  say,  from  V1  to  V2.     Now 


V 


or 


'-*?.- 


Thus,  on  dividing,  we  have 


i.e.,  volumes  vary  inversely  as  pressures.  Thus,  if  P2  be 
3  times  Plf  V2  must  be  J  of  Vv  This  is  Boyle's  law.  Boyle* 
obtained  the  result  experimentally.  The  law  states  that,  if 
the  temperature  of  a  mass  of  gas  be  kept  constant,  the  volume 
varies  inversely  as  the  pressure.  The  above  equation  can 
also  be  put  into  the  form 

P171  -  P2F2, 

that  is,  the  product  pressure  x  volume  is  the  same  for  both 
conditions  of  the  gas.  It  will  be  the  same  for  other  conditions 
(at  constant  temperature),  so  we  may  write  generally 

PV  =  constant 
for  a  given  mass  of  gas  at  constant  temperature. 

When  a  gas  is  compressed  at  constant  temperature,  no 
change  takes  place  in  the  "energy  of  the  particles,  the  increase 
of  pressure  in  the  gas  being  due  to  the  fact  that  the  impinging 

*  Robert  Boyle,  1627-1691.  A  celebrated  natural  philosopher. 
Born  in  Ireland. 
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streams  are  denser  than  before  (the  volume  of  the  gas  being 
less),  and  not  to  any  increase  in  the  velocity  of  these  streams. 
It  is  true  that  during  compression  work  is  done  on  the  gas 
as  the  piston  is  forced  down  ;  this  would  heat  the  gas  and  so 
raise  its  temperature.  But  we  have  assumed  "  constant 
temperature,"  and  so  we  must  suppose  the  heat  to  be  allowed 
to  escape  before  the  final  measurements  of  pressure  and 
volume  are  made.  Thus  the  energy  put  in  has  passed  off  in 
the  form  of  heat,  and  still  exists  somewhere  outside  the  gas. 
If,  next,  the  volume  of  the  gas  be  kept  constant  and  the 
temperature  varied,  the  pressure  will  also  vary.  Let  the 
absolute  temperature  be  changed  from  Tlt  to  T2  ;  the  pressure 
will  change  say  from  Pl  to  P2  (these  values  having  nothing 
to  do  with  Plt  and  P2  above).  Now 

Tl  = 
and 


(where  p  the  density  is  the  same  for  Pl  and  P2,  since  the 
volume  is  unaltered,  and  therefore  the  number  of  grms. 
per  c.c.  is  unaltered).  Thus,  substituting,  we  find 


and  by  division 


or,  pressure  is  proportional  to  absolute  temperature  if  volume 
is  constant. 

Again,  if  the  temperature  be  varied  and  the  pressure  kept 
constant,  the  volume  will  vary.     We  have  as  before 

Tl  =  \krnv!2  T,  =  \kmvf. 

We  may  divide  at  once,  and  obtain 

Ii  =  V 
r, 

Now  th.   s.unr  in  both  cases, 

J  PiV  =  i  Pi»ta 

*JL.    =  P_« 

*'22  Pl 

f,  =£ 

^  s  Pi 

ace  volume  varies  inversely  as  density,  at  constant  pressure 
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showing  that  volume  is  proportional  to  absolute  temperature 
when  pressure  is  kept  constant.  If  now  all  three  quantities 
vary  together,  say  from  P1F1T1  to  P2F2T2,  we  can  combine 
the  three  results  and  write 


7\  T2 

PV 

or  -=-    =   constant. 

Thus  we  arrive  at  the  gas  law  ;    the  product  of    pres- 

sure  and   volume   divided   by    absolute    tempera- 

Gas          ture  for  any  given  mass  of  gas  remains  constant, 

Law         however  the  separate  quantities  P,  V,  and  T  may 

vary. 

If  we  keep  constant  the  volume  of  a  mass  of  gas,  say  in  a 
glass  bulb,  and  measure  its  pressures  when  it  is  immersed  in  a 
bath    at    different    temperatures,    the    different 
Gas  pressures    recorded,    being    proportional    to    the 

Ther-          absolute  temperatures  of  the  gas,  will  serve  as 
mometer     indications  of  the  different  temperatures  of  the 
bath.     Suppose  the  bulb  to  be  immersed  first  in 
melting  ice,  and  then  in  boiling  water.     The  pressures  noted 
will  represent  the  temperatures  of  the  two  baths.     If  now 
the  bulb  be  immersed  in  warm  water,  and  the  pressure  be 
found  to  be  exactly  midway  between  the  other  two,  the 
temperature  of  the  bath  is  said  to  be  midway  between  the 
temperatures  of  the  other  two  baths.     Instead  of  taking 
the  absolute  zero  for  our  zero  of  temperature,  we  might  take 
the  temperature  of  melting  ice  as  zero,  and  then  take  that  of 
boiling  water  as  100°.     Intermediate  pressures  in  our  "  con- 
stant volume  gas  thermometer  "  would  indicate  intermediate 
temperatures.     Lower  pressures  than  that  obtained  with  the 
melting  ice  would  indicate  temperatures  below  zero  on  this 
(the  Centigrade)  scale,  and  zero  pressure  would  indicate  the 
absolute  zero  of  temperature,  which  would  be  at  —273°  on 
the  Centigrade  scale.     Plotted  graphically,  the  vertical  lines, 
Fig.  9,  represent  pressures  given  by  the  thermometer  for 
o°  C.  and  100°  C.,  and  the  straight  line  AB  indicates  the  way 
in  which  pressure  changes  with  temperature.     This  line  cuts 
the    "  axis    of    temperature  "  —  the   horizontal   line    in    the 
diagram  —  at  a  point  corresponding  to  —  273°  C.     This  is  the 
absolute  zero.     The  straightness  of  the  line  indicates  the  fact 
that  pressure  is  proportional  to  absolute  temperature.     Our 
temperature  T,  then,  represents  Centigrade  reading  plus  273. 
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lute   temperature  of  melting  ice   ib   theiefoie.   273, 
and  that  of  boiling  water  373.     The  absolute  scale  is  mu«  h 
more  convenient  for  theoretical  calculations  than  the  Centi- 
grade scale,  for  the  latter  has  a  purely  arbitrary  zero,  \\hieh 
not  correspond  to  the  state  of  a  body  with  no  heat, 
absolute  zero  cannot  be  reached  experimentally,  but 
liquid  helium  has  been  prepared  and  reduced  to  a  tempera- 
ture of  3°  absolute. 

To  connect  what  we  have  said  with  regard  to  a  gas  to  the 
case  of  a  vapour,  we  must  remember  that  a  vapour  in  contact 
with  its  liquid  is  in  the  saturated  state,  and  that  for  a  given 
temperature  the  vapour  pressure  is  constant.  If  the  volume 
be  increased,  or  decreased,  evaporation  or  condensation  will 
take  place  until  the  original  pressure  is  regained.  So  the 


-Z73'C 


O'C 


100  C 


FIG.  9. 


saturated   vapour  does  not  obey  the  gas  law.      But  n    B 
quantity  of  vapour,  say  at  the  point  of  saturation. 

sel  alone,  i.e.,  no  liquid  being  present,  then  an  increase  of 
ire  or  an  incivaM-  of  volume  at  constant  tcinpnatniv 
will  n-nd'T  the  vapour  unsaturated  or  "superheat-  d  "  ;  and  in 
the  vapour  will  obey  approximately  the  gas  law     tin 
•ximatio;.  losn-  tin-  farther  tin-  vapour  from  tin- 

-at ur.it ion.     Indeed,  a  sup-  ilu  at.  .1  vajM.ur  i~>  prac- 
not  generally  call  -1 .1  gas  nnl<  --  its  trmpera- 
;s  above  the  critical  temperature  for  the  substance. 
\\hrn   cvaporat:  fr..m   a    liquid   only 

les  escape,  and  so  the  liquid  is  left  with 
r   proportion   of  slow   ones.     Thi 

Heat  tli.  'liquid  is  cooled  by  evaporation.     If  evapora- 

tion i-  to  proceed  regularly,  and  th<   liquid  to  m.iin- 

"be  contiiniallv   sup; 
•  •1    the  1 
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to  which  it  is  given,  is  called  Latent  Heat.  Heat  which 
raises  temperature  is  called  Sensible  Heat.  A  definite 
quantity  of  heat  is  necessary  if  a  given  mass  of  liquid  is  to  be 
evaporated  at  a  given  temperature.  The  quantity  varies 
from  liquid  to  liquid,  and  also  from  temperature  to  tempera- 
ture for  the  same  liquid.  Latent  heat  is  also  absorbed  when 
a  solid  melts.  The  same  quantity  of  heat  is  given  up  when 
a  vapour  condenses  as  was  required  to  evaporate  it  at  the 
same  temperature.  The  same  applies  to  the  case  of  a  freezing 
liquid. 

We  have  seen  that  heat  is  a  form  of  energy.  It  may  be 
transformed  into  mechanical  energy  and  vice  versa.  Water 
may  be  warmed  by  agitating  it  with  paddles  in  a  vessel. 
The  mechanical  energy  expended  in  rotating  the  paddles 
against  the  resistance  imposed  by  the  water  may  be  measured 
in  ergs.  The  resulting  heat,  assuming  no  loss  of  energy  to 
occur,  will  consist  of  that  number  of  ergs  of  energy.  The 
erg  is  the  work  unit,  or  mechanical  unit,  of  heat,  as  it  is  of 
any  other  kind  of  energy.  But  this  unit  is  not  convenient 
practically.  The  practical  unit  of  heat  is  the  Calorie.  The 
calorie  used  in  Physics  is  the  quantity  of  heat  necessary  to 
raise  I  grm.  of  water  i°  C.  Suppose  a  number  of  ergs  of 
energy  to  be  expended  (or  work  done)  in  the  paddle  arrange- 
ment, and  i  grm.  of  water  to  be  heated  thereby  i°  C.,  or,  say, 
10  grms.  heated  1/10°  C.  We  have  expended  so  many  ergs 

and  have  gained  I  calorie  of  heat.  The  number 
Joule's  of  ergs  necessary  would  be  about  42,000,000.  Thus 
Equiva-  42,000,000  ergs  of  energy  are  equivalent  to  one 
lent  calorie  of  (heat)  energy.  The  erg  and  the  calorie 

are  both  energy  units,  but  the  calorie  is  used  only 
in  the  case  of  heat.  So  i  calorie  =  4.2  X  io7  ergs.  This 
number  is  called  the  Mechanical  Equivalent  of  Heat,  or 
Joule's  Equivalent,  the  first  experimental  determination  of  it 
being  made  by  Joule.*  It  is  usually  represented  by  the 
letter  /.  If  W  represents  a  quantity  of  energy  in  ergs,  and 
H  the  corresponding  quantity  of  heat  in  calories,  we  may 
write 

-      W  -  JH. 

Now,  whatever  form  of  energy  is  transformed  into  heat, 
the  same  number  of  ergs  is  required  to  produce  one  calorie, 
and  in  fact,  however  energy  may  be  transformed,  its  quantity 

*  James  Prescott  Joule,  1818-1899.  Born  at  Salford.  A  distin- 
guished experimenter,  to  whom  is  largely  due  the  modern  theory  of 
the  Conservation  of  Energy. 
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always  remains  th-  This  is  OIK-  uf  the  general  principles 

of  Science  and  is  called  the  doctrine  of  the  Conservation  of 
Energy.  We  have  no  means  of  destroying  or  of  creating 
energy.  \Vc  may  alter  its  form  in  many  ways,  but  not  its 
quantity. 

The  calorie  depends  on  a  particular  substance,  water.     If 
ike  any  other  substance,  we  can,  by  experiment,  deter- 
mine the  number  of  calories  necessary  to  raise  I  grm. 
Specific   of  it  i°  C.    This  number  represents  what  is  called 
Heat        the   Specific   Heat  of   the  substance.     Suppose  it 
to  be  S  for  a  certain  substance.     If,  then,  i  grm. 
of  the  substance  be  raised  or  lowered  i°  C.,  it  gains  or  loses  S 
calories.     If  m  grms.  be  raised  or  lowered  t°  C.,  the  number 
of  calories  gained  or  lost  will  be  mSt.     Latent  heat  is  also 
expressed  in  calories.     The  heat  required  to  evaporate  I  grm. 
of  water  at  100°  C.  is  about  540  calories,  and  that  required  to 
melt  i  grm.  of  ice  is  80  calories. 


CHAPTER  V 

Attraction — Repulsion — Electricity — The  Lodestone — Magnets — A 
Difference — Law  of  Force — Choice  of  Units — Another  Method — 
Conductors  and  Insulators — A  Comparison — The  Electric  Current — 
Flow — Level,  Temperature,  and  Potential — Law  of  Flow — Nature  of 
Electric  Current. 

WE  have  spoken  of  the  universal  attraction  of  gravity, 
and    have    considered   some   of   its  consequences. 
It  remains  for  us  to  investigate  some  other  kinds 
of  attraction  which  bodies  exert  on  one  another  in  special 

circumstances. 

Attrac-        A  rod  of  ebonite,  after  being  rubbed  with  fur,  is 
tion          able  to  attract  bits  of  paper  and  other  light  objects, 

as  is  also  the  fur  which  has  been  used  as  a  rubber. 
The  fur  and  the  ebonite  also  attract  one  another,  as  can  easily 
be  demonstrated  if  the  ebonite  be  suspended  by  a  thread 
attached  to  its  middle.  But  one  rubbed  rod  of  ebonite  repels 

another  rod  which  has  been  similarly  treated.  A 
Repul-  glass  rod  rubbed  with  silk  attracts  the  ebonite  rubbed 
sion  with  fur.  This  effect,  even  if  the  rods  be  only 

slightly  rubbed,  is  gigantic  compared  with  the 
gravitational  attraction  between  them.  The  rods  and  rubbers 
are  said  to  be  "  Electrified,"  or  charged  with  Electricity. 

It  is  necessary  thus  to  give  names,  but  we  must 
Elec-  remember  that  to  give  names  is  not  to  explain 
tricity  phenomena.  Although  much  is  known  about 

electricity,  its  ultimate  nature  is  not  understood, 
and  probably  never  will  be.  It  is  clear  that,  using  the  word 
in  the  above  sense,  there  are  two  kinds  of  electricity,  for, 
though  glass  and  ebonite  both  attract  bits  of  paper,  yet  glass 
attracts  ebonite,  while  ebonite  repels  ebonite.  The  ebonite 
and  glass  must  therefore  be  charged  with  different  kinds  of 
electricity.  Two  rubbed  glass  rods  repel  each  other  ;  thus 
two  bodies  charged  like  glass  rubbed  with  silk  (or,  say,  charged 
positively)  repel ;  and  two  bodies  charged  like  ebonite  rubbed 
with  fur  (or  charged  negatively)  also  repel.  But  a  positively 
charged  body  and  a  negatively  charged  body  attract  one 
another.  No  other  kinds  of  electricity  have  been  discovered. 

36 
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although  we  speak  of  two  kinds  of  electricity,  we  must 

remember  that  we  are  as  yet  only  giving  names.     We  say 

.Mitf    about    the    nature    of   electricity.     The   one    kind 

merely  an  absence  of  the  other  kind,  so  far  as  the 

foregoing  experiments  could  show. 

Again,  certain  bodies  called  lodestones  have  been  discovered 

which  attract  fragments  of  iron.     The  attracting 

The          power  is  not  uniformly  distributed  over  the  surface 

Lode-      of  the  stone,  but  is  concentrated  more  particularly 

stone       in  certain  parts.     Each  lodestone  has  at  least  two 

such  parts.     A  particular  part  of  a  second  lodestone 

will  attract  some  of  these  and  repel  others.     If  there  are  only 

it  will  attract  one  and  repel  the  other.     A  steel  needle 

or  rod  rubbed  several  times,  in  one  direction  only,  with  a 

lodestone,  acquires  the  same  properties,  its  active  parts  or 

Poles  being  near  the  ends.     The  steel  has  been 

Magnets  "  Magnetized  "   and  is  called  a  Magnet.     If   two 

magnets  be  made  in  exactly  the  same  way.   t  he 

similar  poles  (say  those  at  the  ends  where  the  rubbing  started) 

will  repel  one  another,  and  dissimilar  poles  attract. 

In  that  respect  there  is  a  likeness  between  the  magnet^ 

and  the  electrified  bodies,  but,  while  the  ebonite  rubbed  with 

fur  was   negatively   charged  only,   and   the   fur   positively 

charged  only,  every  magnet  possesses  magnetism  of  both 

—no  magnet  can  be  made  which  has  one  kind  of  mag- 

netism only.     If  the  magnet  be  broken  in  two, 

A  Dif-     each  half  becomes  a  complete  magnet,   two  new 

ference    poles  forming  at  the  new  ends.     It  may  be  noted 

ulnlr  both  attractions  and  repulsions  occur 

in  the  case  of  el<  •<  t  riii-  -d  and  magnetized  bodies,  only  attraction 

occui  <  ase  of  gravity.     No  such  thing  as  gravitational 

known. 

Now,  bodies  may  be  electrified  to  different  amounts,  and 
magn  --rent  strengths,  as  the  varying  v.ilu.  , 

'ie  attractions   and    repulsions   obtained   readily  show 
So  th  ic  and  magnetic  charges  should  be  m 

rms  of  suitably  chosen  units      If  we 
the  quantity  of  electri«  lie  electric  charge,  on 

•  ill  body  by  e  and  that  on  .mother  by  elt  the  : 

° 


Force      artmK  1)(  '!w"  n   tn<  m  wil1  ^       !•  where  r  is  the 
distance  nilar 

itation,  ;  •  1\-  tm-  only  if  the  bodies 

vith  th.«  distance  r.  though,  if  we 
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consider  each  little  bit  of  charge  separately,  we  can  apply 
the  law  however  large  the  charged  bodies  may  be.  The  law 
can  be  verified  by  experiment.  If  magnetic  charges  m,  m^  or 
poles  of  strengths  m,  ml  be  substituted  for  electric  charges, 

•  -11    i  WWW  i         T         i. 

the  magnetic  attraction  or  repulsion  will  be    —^ .     In  all 

these  cases  the  inverse  square  law  applies.  In  the  electric 
and  magnetic  cases  the  force  will  be  repulsion  if  the  charges 
are  like,  and  attraction  if  they  are  unlike.  If  we  call  a  positive 
charge  +  e  or  -f  m,  and  a  negative  one  —  e  or  —  m,  the 
resulting  force  will  be  a  repulsion  if  positive,  or  an  attraction 
if  negative.  Thus  the  force  between  two  small  bodies  5  cms. 
apart,  with  charges  +  10  and  —  20  units  of  electricity 
respectively,  or  the  force  between  two  magnetic  poles  5  cms. 
apart,  of  strengths  -f-  10  and  —  20  units,  will  be 

i±  L°)J- 20)  .  -  8  dynes  attraction. 

In  these  formulae  for  electric  and  magnetic  attraction  or 
repulsion  no  constants  like  the  G  in  the  gravity  formula  are 
used,  because  the  units  of  electricity  and  magnetism  are 
chosen  of  such  magnitude  as  to  do  away  with  the  necessity 
for  these.  For  instance,  the  unit  of  electric  charge 
Choice  is  chosen  so  that  two  such  units  at  a  distance  of 
of  i  cm.  apart  repel  one  another  with  a  force  of  i  dyne, 

Units  and  similarly  in  the  case  of  magnetism.*  (In  all 
the  above  we  assume  the  measurements  of  force  to 
be  made  in  air.  If  other  media  were  interposed  between 
the  bodies,  the  values  of  the  forces  would,  in  general,  be 
altered.) 

Electric  attractions  or  repulsions  are,  however,  not  confined 

to  bodies  which  have  been  excited  by  friction.     If  a  series  of 

glass  vessels  containing  dilute  sulphuric  acid,  and 

Another  fitted  with  plates  of   zinc  and   copper  joined  by 

Method    copper  wires,  be  arranged  as  in  Fig.  io,f  the  terminal 

wire   A  will  attract   the  other  terminal   B.     The 

effect  will  be  very  slight,  but  it  may  be  rendered  perceptible 

*  Unfortunately,  two  systems  of  units  are  here  involved — the 
Electrostatic  system  in  the  case  of  e  and  the  Electromagnetic  system 
in  the  case  of  m.  The  electric  charge  can,  however,  be  expressed  in 
electro-magnetic  units,  and  pole  strength  in  electrostatic  units  when  it 
is  more  convenient  to  do  so.  We  shall  not  enter  into  the  question  of 
the  dimensions  of  electric  and  magnetic  quantities. 

t  The  Galvanic  or  Voltaic  Battery  due  to  L.  Galvam,   1737-1798. 
Professor  of  Anatomy  at  Bologna,  and  A.  Volta,  1745-1827,  Profei 
f  Natural  Philosophy  at  Pavia. 
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by  connecting  the  terminals  to  two  light  and  delicately  sus- 
pended metal  plates  placed  near  to  one  another.  If  two  such 
batterie-  be  arranged,  the  "  zinc  "  terminal  of  the  one  may  be 
caused  to  repel  that  of  the  other  and  likewise  the  two 
"  copper  "  terminals.  But  these  terminals  are  metallic,  and 
rubbed  metals  do  not  show  any  sign  of  electrification.  How 
can  this  be  accounted  for  ?  It  is  true  that  a  metal  rod  held 
in  the  hand  and  rubbed  with  fur  shows  no  electrification.  But 
the  contrary  is  the  case  if  it  be  held  by  an  ebonite  handle. 
It  can  then  be  electrified  by  friction.  On  touching  the  rod 
with  the  finger,  or  with  another  metal  rod  held  in  the  hand, 
the  electrification  disappears.  But  not  so  if  it  be  touched 
with  an  ebonite  rod. 


A    B 


FIG.  10. 

Imagine  two  metal  rods  to  be  set  up  on  ebonite  stand> 

'ance  apart,  and  to  be  connected  by  a  wire.     After 

one  of  the  rods  has  been  electrified  by  friction,  part  of  the 

.11  be  found  on  the  other  rod.     If  a  thread  of  silk  had 

been  used  instead  of  the  wire,  no  charge  would  h 

second  rod—  all  would  have  remained  on  the 

said  to  be  a  Conductor 

Conductors  electricity,  the  silk  a  Non-conductor  or  Insulator, 
and  nd  body  arc  also  conductors,  likewise 

Insulators    th«-  earth.     Kl><>;.ite  and  glass  are  inMilat<  : 

thoroughly    dry.    A    conductor,    tli  be 

'1  by  friction",  but  if  the  electricity  is  to  be 

stand  or 

t    be  toiu  IK  (1  by 

n  y  from 

JMII   of  ill-    .  h  <luetor  will  How 
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a  charged  ebonite  rod  be  touched,  the  electricity  from  that 
part  will  escape,  but  that  on  the  rest  of  the  rod  will  not  be 
able  to  flow  to  the  touched  point,  and  so  will  be  retained  on 
the  rod.  In  the  case  of  the  battery,  the  metal  terminals 
were  insulated  by  means  of  the  glass  vessels,  the  outer  surfaces 
of  which  were  dry. 

The  electrification  produced  by  the  battery  is  not  different 
in   nature  from   that  produced  by  friction.     The 
A  terminal  connected  to  the  zinc  is  negatively,  and 

Com-       that  connected  to  the  copper  positively,  electrified. 
parison     An  experiment  could  be  devised,  though  some  pre- 
cautions   would    be    necessary,   in   which   rubbed 
ebonite  would  repel  the  former  and  attract  the  latter. 

Now  let  the  terminals  of  the  battery  be  connected  by  a 

conductor,   such  as  a  piece  of  copper  wire.     An  Electric 

Current   will   flow   along   the  wire.     This   current 

The          (again  we  are  giving  names  which  do  not  at  all 

Electric   explain  the  nature  of  what  really  goes  on)  is  not 

Current   essentially  different  from  that  which  flowed  along 

the  wire  joining  the  metallic  rods  considered  above. 

But  in  this  case  the  flow  is  continuous.     Now,  flowing  is 

characteristic  of  fluids.     Is  electricity  a  fluid  ?     According 

to  one  old  theory — the  two-fluid  theory — positive 

Flow        electricity  consisted  of  one  kind  of  fluid  and  negative 

electricity   of   another.     Another  theory   supposed 

that  only  one   kind   of  fluid-electricity  existed,  the  second 

kind  of  electrification  being  accounted  for  by  a  deficit  of  this 

fluid  on   the  body  concerned.      It  will  be  worth  while  to 

consider  a  little  further  the  phenomenon  of  flow,  which  we 

have  already  come  across  in  the  case  of  fluids  and  of  heat. 

The  three  cases  of  flow  with  which  we  are  concerned  are 
illustrated  in  I,  II,  and  III,  Fig.  n.  I  represents  flow  of 
water,  II,  of  heat,  and  III,  of  electricity.  In  I  the  inlet  a  and 
overflows  b  and  c  are  intended  to  keep  the  levels  in  cisterns 
A  and  B  constant.  The  flow  with  which  we  are  concerned 
is  that  in  the  pipe  C  D.  In  order  that  the  flow  may  take  place, 
the  levels  in  A  and  B  must  be  different.  The  flow  is  con- 
ditioned by  level-difference.  The  greater  the  level-difference 
the  greater  the  flow.  (The  word  flow  or  flux  is  often  used  to 
denote  the  quantity  flowing  per  unit  time.)  In  II  we  have  a 
copper  rod  dipping  into  boiling  water  at  one  end  and  into  a 
mixture  of  ice  and  water  at  the  other.  Heat  flows  (the 
process  is  called  conduction  of  heat)  along  the  rod  from 
C  to  D.  What  really  happens  is  that  vibrations  are  passed 
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on  from  particle  to  particle  along  the  rod.     The  necessary 
tion  for  conduction  of  heat  along  the  rod  is  a  tempera  tun 

The     greater     the     temperature-difference  the 

greater  the  flow  of  In  at.     In  III  electricity  flows 

Level  from    the     positive    to    the    negative    terminal 

Tempera-    of  the  battery  along  the  connecting  wire.     In 

ture  and      saying  this  we  are  imagining  a  one-fluid  theory 

Potential     of  electricity,  the  positive  electricity  representing 

the  lluid,  so  we  suppose  positive  electricity  flows 

the  wire  from  copper  to  zinc.     We  shall  deal  later  with 

a  more  modern  theory,  but  for  practical  purposes  we  always 
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particular  level,  and  every  little  quantity  of  heat  at  some 
particular  temperature,  so  every  little  electric  charge  must  !>.- 
at  some  particular  potential.  It  always,  if  positive,  tends 
to  flow  in  such  a  way  as  to  get  to  a  lower  potential.  Getting 
to  a  lower  potential  does  not  involve  any  change  in  either 
the  nature  or  quantity  of  electricity,  any  more  than  getting 
to  a  lower  level  involves  a  change  in  the  nature  or  quantity  of 
water. 

In  all  the  cases  we  have  considered  a  conductor  for  carrying 
the  flow  is  necessary.  We  have  chosen  first  a  pipe,  second  a 
copper  rod,  and  third  a  copper  wire.  The  flux  will  in  each 
case  depend,  apart  from  level-  or  temperature-  or  potential- 
difference,  on  the  efficiency  of  the  conductor.  Thus  with  a 
wide  pipe  in  I,  more  water  will  flow  than  with  a  narrow  one. 
And  more  will  flow  if  the  pipe  be  short  than  if  it  be  long.  We 
might  speak  of  the  Conductance  of  the  pipe  and  say  that  a 
short  wide  pipe  has  greater  conductance  than  a  long  narrow 
one.  Or  of  the  Resistance  of  the  pipe,  meaning  the  inverse 
of  the  above.  The  narrower  and  longer  the  greater  the 
resistance.  In  II  we  might  substitute  other  materials  for 
copper,  and  for  simplicity  keep  to  the  same  dimensions  in 
each  case.  We  should  find  very  different  quantities  of  heat 
flowing  in  the  different  cases.  More  would  flow  through 
copper  than  through  iron,  and  more  through  iron  than  through 
glass.  The  Thermal  Conductivity  of  copper  is  greater  than 
that  of  iron,  and  of  iron  than  of  glass.  In  III  the  flow  of 
electricity  depends  greatly  on  the  dimensions  and  material 
of  the  conductor.  The  flow  is  great  along  a  thick  and  short 
copper  rod,  less  along  thin  long  copper  wire,  still  less  along  a 
similar  wire  of  iron,  and  zero  along  a  rod  of  glass.  The 
resistance  of  the  iron  wire  is  greater  than  that  of  the  similar 
copper  wire,  and  that  of  the  short  copper  rod  is  less.  The 
resistance  of  glass  or  of  any  other  non-conductor  may  be  said 
to  be  infinite. 

Suppose  we  find  that  a  certain  flow  takes  place  along  a 
conductor  whose  ends  are  maintained  at  a  certain  level- 
temperature  or  potential-difference.  Keeping  this  difference 
constant,  we  substitute  another  conductor  and  find  that  the 
flow  is  halved.  We  may  say  that  the  resistance  of  the  second 
conductor  is  twice  that  of  the  first,  or  its  conductance  half 

that  of  the  first.  If  the  flow  be  reduced  to  one-third 
Law  of  the  resistance  of  the  conductor  will  be  increased  to 
Flow  three  times  that  of  the  first,  or  its  conductance 

reduced  to  one-third.     If  D  represents  the  difference, 
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F  the  flow  or  flux,  and  7?  the  resistance,  then 

'-I; 

[In  the  case  of  water  flow,  this  formula  applies  to  long 
narrow  pipes.  The  formula  applies  to  heat  conduction,  but 
the  term  resistance  is  not  generally  used  in  this  connexion, 
the  flow  being  calculated  in  terms  of  the  thermal  conductivity 
of  the  conductor.  It  applies  strictly  to  flow  of  electricity 
and  embodies  what  is  known  as  Ohm's  law.*] 

-v  in  the  case  of  fluids  we  know  that  the  flow  is  a  flow 

of  matter,  while  in  the  case  of  heat  the  flow  is  one  of  energy. 

Is  electricity  matter  or  energy  ?     When  water 

Nature  of    flows  the  actual  particles  travel  along  with  the 

Electric       flow.     The  flow  of  heat  along  a  rod  consists  of  a 

Current       passing  on  of  energy  from  particle  to  particle. 

Of  which  character  does  the  flow  of  electricity 

\Ve  must  try  to  gain  an  idea  of  the  modern  theory 

and  of  some  of  the  steps  by  which  it  has  been  reached. 


1787-1854.     li  I'rofruor  at  M. 


CHAPTER  VI 

Conduction  through  Gases — Cathode  Kays — Electrons-  Structure 
of  the  Atom — Tons — Millikan's  Experiment — Charge  on  an  1  I«H  tr.ni 
— Fractional  Charges — Theory  of  Conduction — Heating  Effect — The 
Resistance — The  Energy — Choice  of  Units. 

IF  a  glass  tube  AB,  Fig.  12,  containing  a  suitably  rarefied 
gas,  be  provided  with  metallic  conductors,  or  electrodes, 
sealed  into  its  ends,  a   current  of  electricity  may  be 
made  to  pass  through  the  gas 

by   connecting    these    to    a         f^\  _\ 

suitable  source  of  potential-      r\~~ 
difference.     The    stream   of    (A 
electricity  does  not  simply     '  FIG   12 

pass  directly  from  one  elec- 
trode to  the  other,  but  part  of  it  strikes  the  s 
Conduc-      of  the  glass  tube.    Where  it  does  so,  it  causes  a 
tion  luminous  phosphorescent  appearance  on  the  glass. 

through       The  stream  appears  to  proceed  from  the  low  poten 
Gases  tial  electrode— the  Cathode.    It  passes  in  straight 

lines,  as  can  be  shown  by  a  special  form  of  tube 
having  an  obstacle  placed  in  the  path  of  the  stream.  Behind 
this  obstacle  no  phosphorescence  is  excited,  it  appears  to  throw 
a  shadow  on  the  glass.  The  effect  is  as  though  rays  proceed  in 
straight  lines  from  the  cathode.  They  are  spoken 
Cathode  of  as  Cathode  Rays.  They  might  consist  of 
Rays  streams  of  electrified  particles  or  of  waves.  Now  a 

positively  electrified  body  placed  near  the  stream 
appears  to  attract  it.  It  deflects  the  stream  towards  itself, 
as  is  evident  from  the  fact  that  the  phosphorescence  on  the 
glass  is  shifted.  A  negatively  electrified  body  repels  the 
stream.  It  would  appear,  then,  that  the  rays  really  consist 
of  negatively  electrified  particles,  as  these  would  be  acted 
upon  in  the  manner  described  above.  Again,  the  rays 
may  actually  be  caught  by  a  conveniently  placed  conductor, 
which  is  thereby  found  to  become  negatively  charged.  This 
could  not  be  the  case  if  the  stream  consisted  merely  of  wave- 
motion. 

We  conclude  then  that  the  stream  of  electricity  in  the 
rarefied  gas  consists  of  rapidly  moving  negatively  charged 
particles  proceeding  from  the  cathode.  They  are  much  smaller 

44 
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than  UK-  smallest  of  the  chemists'  atoms.  The  justification 
for  this  statement  must  be  deferred  for  the  present. 
Electrons  The  particles  are  called  Electrons.  They  do  not 
depend  on  the  kind  of  gas  used  in  the  tube,  nor 
upon  the  material  of  which  the  electrodes  are  made.  They  are 
apparently  all  alike  and  all  carry  the  same  charge.  Positively 
charged  particles  are  also  present  and  can  be  detected  by 
>uitable  means.  They  move  in  the  opposite  direction,  and 
are  not  small  like  the  negative  electrons,  but  consist  of  charged 
atoms  or  groups  of  atoms.  The  streams  of  these  are  called 
Positive  Rays.  Positive  electrons,  if  such  things  exist,  have 
not  yet  been  discovered. 

Since  electrons  can  be  obtained  with  tubes  of  different 
,  and  with  different  electrodes,  it  appears  that — sup- 
posing them  to  be  derived  from  the  gas  or  the  electrodes — 
the  electrons   must   be   constituents  of  different 
Structure    kinds  of  atoms.     Such  an  idea  leads  to  many 
of  the         speculations  as  to  the  structure  of  the  atom,  for 
Atom          the  atom  can  no  longer  be  looked  upon  as  the 
smallest  portion  of  matter.     It  is  indeed  certain 
that  it  has  a  complicated  structure,  probably  consisting  of 
kind  of  positive  nucleus  with  one  or  more  negative 
roos   revolving  rapidly  around  it.    Different  chemical 
atoms  on  this  view  will  have  different  numbers  and  arrange- 
s  of  electrons.     In  its  ordinary  state  an  atom  is  not 
1  ;    this  can  be  accounted  for  on  the  supposition 
that  positive  and  negative  are  present  in  equal  quanti 
and  so  neutralize  each  other.     If,  however,  an  atom  loses  oiu- 
or  n;  rons  it  becomes  positively  charged,  while  if  it 

Ctxona    it    becomes   negatively    charged.     Charged 
groups  of  atoms  free  to  move  about  in  gases  or 
liquids  are  called  Ions. 

.vssel  of  air  amongst  which  ions,  some  positi\< 
and  some  negative,  are  mingled.     They,  like  the  air  part, 

proper,  will  all  be  in  rapid  motion.     Now  suppose 
Ions  ry  small  drop  of  water  or  oil  to  be  introd 

at  the  top  of  the  vessel.     It  will  slowly  fall,  aiul  may 
!i  "  one  or  more  ions.     This  will  cause 
to  become  charged  with  electricity.    The  magnitude 
tin-  charge  will  depend  on  the  number 
Millikan  s    and   si^n   of   the  ions  caught,  and  also  on   th< 
Experi-        number  ot  which  the  di  ions  have 

ment  themselves  gained  or  lost.     For 

uncharged  drop  catches  Ivi   ion.  it-ilf  the 
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carrier  of  one  surplus  electron,  the  charge  on  the  drop  will  be 
negative  and  equal  to  that  of  one  electron.  If  then  a  positive 
ion  deficient  in  three  electrons  becomes  attached  to  the  drop, 
the  total  charge  on  the  latter  will  be  positive,  and  of  magnitude 
equal  to  twice  that  of  a  single  electron.  All  possible  charges 
on  the  drop  will  thus  be  multiples  of  the  charge  of  a  single 
electron,  whether  the  sign  be  positive  or  negative.  If  a 
positively  electrified  plate  be  placed  in  the  vessel  near  the 
top  and  a  negatively  electrified  plate  near  the  bottom,  the 
charged  drop,  between  the  two,  will  be  attracted  by  the  one 
and  repelled  by  the  other.  Suppose  the  drop  to  be  negatively 
charged ;  then,  although  its  weight  tends  to  cause  it  to  fall, 
the  electrical  forces  tend  to  cause  it  to  rise.  The  drop  can  be 
observed  by  means  of  a  microscope,  and  the  change  in  its 
velocity  due  to  the  sudden  attachment  of  a  single  ion  detected. 
Every  time  an  ion  is  caught  the  motion  of  the  drop  alters. 
If  the  ion  be  positive,  the  downward  velocity  of  the  drop 
will  be  increased  or  its  upward  velocity  diminished.  If  it 
be  negative,  the  contrary  effect  will  be  observed.  It  was 
shown  by  Millikan,*  who  devised  and  executed  these  re- 
markable experiments,  that  all  the  charges  were 
Charge  simple  multiples  of  the  least  charge  caught  by 
on  an  the  drop.  This  least  charge  must  have  been  that 
Electron  due  to  a  single  electron.  The  experiments  thus 
furnish  a  convincing  confirmation  of  the  theory 
outlined  above. 

Not  only  did  these  "  ionic  charges  "  consist  of  definite 

multiples  of  the  charge  of  a  single  electron,  but 

Frictional    any  charge  on  the  drop  caused  by  friction  (due 

Charges       to  the  spraying  by  which  it  was  produced)  was 

also  found  to  consist  of  an  exact  multiple  of  the 

same,  thus  showing  that  frictional  electricity  is  also  due  to  a 

surplus  or  deficiency,  as  the  case  may  be,  of  electrons. 

The  charge  of  a  single  electron  is  represented  by  e,  and  thus, 
according  to  the  electron  theory,  the  magnitude  of  any 
possible  charge  could  be  written  ±  ne,  where  n  is  a  whole 
number.  The  charge  e,  of  course,  is  exceedingly  minute, 
and  the  step-by-step  nature  of  the  process  of  charging  a  body 
is  not  detectable  except  in  special  cases,  such  as  those  of 
Millikan's  experiments. 

We  can  now  form  some  kind  of  mental  picture  of  the  state 

*  Robert  Andrews  Millikan,  Professor  of  Physics  in  the  University 
of  Chicago.  The  first  determinations  similar  to  the  above  were  made 
in  1909. 
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•  barged  body.     Consider,  for  insuuiee,  the  terminals  of 
the  battery.  Fig.  10.     We  look  upon  A  as  behu  ii  in 

BO  many  electrons,  and  on  B  as  having  a  surplus.     In  fact, 
the  battery  acts  as  a  sort  of  electron-pump,  which  pumps 

>ut  of  A  and  into  B.     It  does  not  follow  of  o 

that  the  actual  individuals  which  leave  A  find  their  way  to  B 

must  not  force  such  an  analogy  too  far.     Now  an 

electron  on  B  will  tend  to  be  repelled  by  B  and  attracted 

by  A.  and  so,  if  a  convenient  path  were  opened  from  B  to  A, 

;nuld  expect  a  stream  of  electrons  to  pass  along  it. 

:ded  the  pump  continued  to  drain  A  and  supply  B  the 

"  current  "  \\ould  be  continuous.     Such  a  path  is  provided 

when  A  and  B  are  joined  by  a  conducting  win-.     Neglecting 

the  mode  of  working  of  the  battery,  and  considering  only  what 

goes  on  in  the  conductor,  we  are  now  prepared  to  understand 

nodern  theory  of  metallic  conduction. 
\\V  have  already  seen  that  in  a  solid  body,  such  as  a  metal 
particles   or  molecules   vibrate   about   certain 
Theory    points  from  which  they  never  move  far.     We  must 
of  Con-   now  suppose  that ,  in  the  case  of  conducting  substances, 
duction    ^ome  of  the  electrons  belonging  to  these  molecule 
are  free  to  move  about  and  collide,  just  like  partirl.  s 
i  the  space  between  the  molecules  proper.     Tlux 
in  the  thermal  agitation  which  goes  on  in  the  sub- 
hotter  the  substance  the  faster  will  their 
ular  motion  be.     If  one  end  of  a  copper  rod  be  raided  in 
erature,  these  electrons,  by  their  motions  and  collisions, 
will  be  ( :  trumental  in  passing  on  the  heat  along  the 

rod.     They,  in  fact,  account  for  the  high  thermal  conductivity 
tal.     If.  instead  of  setting  up  a  tempera 

i,  of  the  rod  ip  .1  potential- 

rcnce,  say  by  plarini{  the  rod  across  A  I>  in  Fig.  10,  the 
in  the  nnl  will  be  linked  alon,^  in  the  direction  B  A. 
b  one  \\ill  jm:  dona  in  direction 

lace  at  each  collision,  but  on  the  whole 
it  will  d;  ,1s  A.     It  has,  in  fact,  a  general  motion  in 

:j>erposcd  on  its  irregular  thermal  motions. 
More  electron^  will  pass  in  from  B  so  long  as  the  ba 

ply  th«-m.      I  in    -tream  of  electrons  consti- 

1s  in  the  direction  opposite 

.'  customed  to  call  the  direction 

:  rent  ;   the  electrons  flow  from  places  of  low  to  places 

potential.     'I  lure   is   no  contradiction    m    this,    the 

d  low  were  applied  to  potential  long  before  any- 
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thing  was  known  about  electrons,  otherwise  these  terms 
might  have  been  used  differently,  and  the  charge  on  an 
electron  called  positive  instead  of  negative.  [In  other 
classes  of  conduction,  electricity  may  be  carried  by  positive 
ions ;  these  travel  in  the  "  direction  of  the  current.  ] 

The  current  (using  the  word  to  denote  the  quantity  < 
electricity  flowing  per   second)  will  depend  simply  on  the 
number  of  electrons  which  pass  in  that  time,  each  one  carrying 
its  own  charge.     The  electric  current  in  a  wire,  then,  is  a 
kind  of  drift  of  electrons,  superposed  on  their  irregular  heat 

motions. 

It  is  clear  that  this  added  motion  will  increase  on  the 
whole  the  violence  of  the  collisions  which  constantly  take 
place      Let  us  neglect  the  thermal  motions,  and  consider 
only  the  added  effect  due  to  the  drift  of  electrons  under  t 
influence  of   the  applied  potential-difference,  that  is,  to  1 
current  of  electricity.     Of  course  we  shall  have  to  mak 
assumptions  to  simplify  our  ideas,  just  as  we  had  to  do  in  the 
case  of  the  kinetic  theory  of  gases.     Suppose,  then,  that  an 
electron  has  just  collided  and  given  up  its  kinetic  energy  t 
a  molecule  in  the  metal.     This  is  the  part  of  its  kinetic  energy 
due  to  its  drift ;  we  are  neglecting  the  effect  of  the  thermal 
motions.     The  electron  begins  to  move  again,   under  the 
action  of  what  we  may  now  call  the  Electric  Force  acting 
upon  it  and,  just  as  in  the  case  of  a  body  falling  from  high  to 
low  level  under  the  action  of  gravity,  its  velocity  continually 
increases  until  another  collision  takes  place  and  its  kinet 
energy  is  again  given  up  to  the  metal.     Suppose  its  velocity 
at  the  moment  of  impact  to  be  zv  and  its  mass  m,  then  the 
energy  given  up  will  be  \  m  (zv] 2,  or  2  m  v*,  if  the  electron 
be  brought  quite  to  rest.     This  energy  will  appear 
Heating  as  heat  in  the  metal,  as  we  should  expect  when  we 
Effect      remember  our  study  of  the  kinetic  theory  of  gases. 

Now    on  the  average,  the  velocity  of  the  drif 
electrons  will  be  v,  if  our  typical  electron  is  a  fair  sample, 
and  therefore,  assuming  a  given  number  of  electrons  per 
in  the  metal,  the  heat  generated  per  second  in  the  metal  will 
be  proportional  to  the  square  of  this  velocity,  for  it  is  pro- 
portional to  2mv2,  which  is  the  same  thing  as  saying  (since  2m 
is  constant)  that  it  is  proportional  v*. 

Now  the  current  is  proportional  to  the  number  of  electrons 
passing  per  second,  and  this  is  proportional  to  the  average 
velocity  v  according  to  our  assumption  of  constant  electroi 
density  (that  is,  the  number  of  electrons  per  c.c.  constan 
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Thus,  current   oc  v,  and  heat  generated  oc  v2.     So  that  we 

arrive  at  the  conclusion  that  heat  will  be  developed  in  the 

conductor  due  to  the  passage  of  the  current,  and  that  for  a 

,  conductor  the  quantity  of  heat  generated  per  second 

will  be  proportional  to  the  square  of  the  current.*     If  Q 

it  generated  per  second  and  C  the  current, 

or  quantity  of  electricity  passing  per  second,  then 

Q  ocC2. 

The  more  the  electrons  are  impeded  in  their  drift  the  greater 

will  be  the  development  of  heat  if  they  are  forced  along  (by 

ipplication  of  greater  potential  difference  to  the  ends  of 

irr)  at  the  same  rate  as  before.     But  this  means  that 

the  resistance  of  the  wire  is  greater  than  before,  for,  since 

at  is  unaltered  and  potential-difference  is  greater,  we  see 

from  the  expression  F  oc  =  (where  F  can  now  be  replaced 

by  C)  that  R  must  be  greater.     In  fact,  for  a  given  current, 
m  be  shown  experimentally  that 
Q  oc/?. 

Combining  this  with  our  previous  result,  we  may  write 

Q  oc  C2  R, 

whatever  the  resistance  of  the  wire  and  whatever 
nt. 

resistance  of  a  wire  depends  not  only  on  the  material 
of  whir  h  it  is  made,  but  also  on  its  length  and  sectional  , 

.•ih  be  doubled,  the  potential  difference  between  thr 

bring  \n  the  fall  of  potential  per  unit  length 

i  great  as  before,  and  this  means  that  the  force 

1   and  consequently  its  velocity 

of  dnfi  will  I  Burning  the  time  interval  betv 

nichangcd),  and,  therefore,  the  current  will 

is,  in  the  equation  C  =  R  we  have  kept  D 

constant  and  halv.-d  C  by  doubling  the  length  of 

The  th«-  wire,    thu-   A'  imM    br  doubled.     In  fact,    the 

Resist-      :  of  given  inatni.il  and  s. 

ance  roportfonal  to  its  length,    If,  <m  th«- ..thn- ! 

keep   to   the  original    Imgth   and   double   the 
<j  D  also  ive  evid- 

ions  available  for  carrying  electricity. 

pcrimcnUlly  1  ibout 
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Their  drift  velocity  is  the  same  as  before,   and  therefore 

we  obtain  double  the  current.     Thus  in  C  =  ^  we  have  D 

K 

unaltered  and  C  doubled,  thus  R  must  be  halved.  In  fact, 
the  resistance  of  a  wire  of  given  material  and  length  is  in- 
versely proportional  to  its  sectional  area.  Thus,  for  a  given 
material,  the  resistance  is  proportional  to  the  length  and 
inversely  proportional  to  the  sectional  area.  Since  the 
passage  of  an  electric  current  through  a  wire  involves  a  con- 
tinuous generation  of  heat,  it  is  clear,  if  we  remember 
The  the  principle  of  conservation  of  energy,  that  energy 
Energy  must  be  expended  in  order  to  drive  the  current. 
If  the  current  does  no  other  work,  the  energy 
necessary  to  drive  it  is  exactly  equal  to  the  heat  developed. 
Suppose  we  take  such  a  case ;  we  know  that  the  heat  developed 
is  proportional  to  C2  R.  By  a  correct  choice  of  units  we  are 
enabled  to  write 

Q  =  C*R 

where  Q  denotes  either  the  heat  developed  per  second  or  the 
energy  necessary  to  drive  the  current  C  through  the  con- 
ductor of  resistance  R,  when  no  other  work  is  being 
Choice  done  by  the  current.  Now  Q  must  be  ergs,  and  then 
of  an  appropriate  unit  for  C  chosen.  We  shall  see 

Units  later  what  this  unit  is.  The  unit  of  resistance  will 
then  be  equal  to  the  resistance  of  a  conductor  in 
which  one  erg  of  heat  energy  is  developed  during  the  passage 
of  unit  current  for  one  second.  These  units  are  called  the 
Electromagnetic  units  of  current  and  resistance.  By  Ohm's 

law,  C  =  ^,  we  see  that 
rt 

7)2 

Q  =  CD  and  Q  =  ~ 

are  alternative  expressions  for  the  energy.  In  these  forms 
D,  of  course,  is  the  potential-difference  between  the  ends  of 

the  wire  measured  in  electromagnetic  units.     From  C  =  ^ 

we  may  say  that  this  unit  is  equal  to  the  potential-difference 
which  will  cause  unit  current  to  flow  along  a  wire  of  unit 
resistance,  since  if  we  make  C  and  R  each  equal  to  one  unit 
in  the  formula,  D  must  be  equal  to  one  unit  also. 

We  have  adopted  the  electromagnetic  system  of  units  in 
the  above  discussion.     It  is  the  system  which  obtained  in 
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our  formula  for  the  attraction  between  magnetic  poles  in 
air  : 

,..  _  mml 
~7*~ 
But  we  noted,  in  the  formula 

F  = 

A'- 

harged  particles,  that  the  electrostatic  system  of  units 

tpplicable.    Now,  if  we  wish  to  express  current  C  in  terni^ 

<»f  tin-  charged   particles  which  give  rise  to  it,  and  simply 

•  •  C  =  ne  where  n  denotes  the  number  of  electrons  flowing 

per  second  and  e  the  charge  on  an  electron,  it  is  obviously 

t<>  express  current  and  charge  in  the  same  system 

of  units.     If  C  is  to  be  in  electromagnetic  units  as  above, 

nust  express  charge  in  these  units  also.     We  will  writ.- 

C  =  we 
and  consider  e  to  represent  the  charge  on  an  electron  in 

;  "magnetic  units.     The  electromagnetic  unit  of  ch 
is  about  3Xio10  times  as  great  as   the  electrostatic  unit 
Thus  c  i^  numerically  much  smaller  than  e,  as  it  represent- 
quantity  of  electricity  in  much  larger  units. 


CHAPTER  VII 

Electrolysis— Laws  of  Elcctrolysts— Electromagnetic  Effects     Force 
on  an  Electron— Determination  of -—Mass  of  an  Electron. 

CERTAIN     solutions     conduct     electricity.     Let    two 
copper  plates  be  attached  to  the    terminals    of 
battery  and  placed  in    a   glass  vessel   containing  a 
solution  of  copper  sulphate  in  water ;    a  current   will  flow 
through  the  solution.      Although  a  molecule  of   Cu  SO4  i« 
electrically  neutral,  its  two  parts,  if  dissociated  in 
Electro-  the  solution,  Cu  and  S04,  are  positively  and  nega 
lysis         tively  charged  respectively.     They  are  called 

On  account  of  the  difference  of  potential  betweei 
the  two  copper  plates,  or  Electrodes,  such  ions  will  travel 
through  the  liquid,  the  positive  ones  (Cu)  towards  the  negative 
electrode    or  Cathode,  and  the  negative  (S04)  towards 
positive  electrode  or  Anode.     Both  these  streams  help 
carry  the  current  from  anode  to  cathode  in  the  solution. 
When  the  positive  ions  reach  the  cathode  they  give  up  their 
charge  and  stick  to  the  plate  ;   thus  metallic  Cu  is  deposited 
on  this  plate.     Incidentally,  this  is  the  principle  of  electro- 
plating.    The  S04  ions  also  give  up  their   negative  charge 
to  the  anode   and,  uniting  with  it,  reform  Cu  SO^ 
the  anode  gradually  dissolves  in   the  solution, 
thus  play  a  part  similar  to  that  of  the  electrons  in  metalli 
conduction  ;  but  here  ions  of  both  signs  assist  in  the  process 
The  solution  is  called  an  Electrolyte,  and  the  process  we  have 
outlined  Electrolysis. 

The  mass  of  any  substance  liberated  from  solution,  like  t 
Cu  in  the  above  case,  depends  on  the  nature  of  the  substance 
and  on  the  quantity  of  electricity  passing.     Each  Cu  i 
carries  a  definite  quantity  of  electricity   and  each  .  O4  ion 
an  equal  quantity  of  opposite  sign  (for  Cu  S04  is  neutr 
It  is  evident  that,  since  the  same  number  of  Cu  and  bO4  ic 
take  part  in  the  process,  the  mass  of  Cu  concerned  is  to  the 
mass  of  S04  as  the  atomic  wt.  of  Cu  is  to  the  atomic  wt.  of 
S  +  4  times  that  of  O.     So,  for  a  given  current,  definite  pro- 
portions of  the  two  will  be  liberated.     Also  it  is  evident  i 
the  quantity  of   Cu  will  be    proportional  to   the  quantity 
of  electricity  passing,  i.e.,  to  current  X  time,  for  current  is 
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tity  of  electricity  passing  per  second.     Suppose  now 
',   to  be  substituted  for  CuSO4.     The   negative  SO4 
•.me  charge  as  before,  and  since  H2  SO4  is  elec- 
trically neutral,  it  follows  that  the  two  atoms  of  H  in  dis- 
solution carry  an  equal  positive  charge  to  that  previously 
:ed  by  the  Cu  ion.    Thus,  given  the  same  current  as  before, 
the  mass  of  hydrogen  liberated  will  be  to  the  mass  of  copper 
liberated  in  the  last  case  as  twice  the  atomic  weight 
Laws  of  of  hydrogen  is  to  the  atomic  weight  of  copper.     In 
Electro-  fact,  the  masses  of  different  substances  liberated  or 
lysis         decomposed  by  a  given  current  are  in  the  proportions 
of  their  chemical  equivalents,  and  as  we  have  just 
they  are  also  proportional  to  the  current  itself.     These 
:lts  were  discovered  experimentally  by  Faraday.* 
One  of  the  most  important  effects  of  the  electric  current  still 
uns  to  be  described.    Suppose  A  B,  Fig.  13,  to  represent 
a  wire  carrying  a  current  C  which 
llow>  from  A  to  P>.  and  P  to  1 
magnetic   pole.      This    may    be 
supposed  to  be  at  the 
Electro        end  of    a   long    thin 
magnetic     magnet,  the  other  pole 
Effects         being    very    distant. 
The  effect  referred  to 
I  force,  due  to   the  current, 
which  acts  on    P,   and  tends  to 
1   in  a  direction   perpen- 
ilar  to  A  B  and  also  to  P  X. 
•     perpendicular 

don,  in 

th«-  pajM  i  .it  p      if  Pbea 

ix'lr.   the-  direction  will  IM-  from  tin-  i  :i.l  if 

linn.      If  P  vi  continuously, 

uM  <  IK   .  ml  round  A   H  in  the  p..- 

p<  Tpnidicnlar    to 
h    cuntinuallv  Ch 

•1  a   I. in.'  <>f  (magnetic)  l-'on  .-.      A  ina^nctK 

<  d  in  the  dm  ctiMD  «>f  th.- 

•it.     Similar  <  in  ular  liin-s  of  force  may  be 

uin-midii..     \  |; 

;i  moved  by  the  positive  pole  would  be 

mental     Researches     in 
•••."  covered  a  vi  i 


54  PHYSICS 

reversed  if  the  direction  of  C  were  reversed.  The  actual 
force  on  the  pole  depends  on  three  factors.  It  is  (i)  propor- 
tional to  the  strength  of  the  magnetic  pole  ;  (2)  proportional 
to  the  current ;  and  (3)  inversely  proportional  to  the  distance 
of  the  pole  from  the  wire  A  B.  If  we  suppose  the  pole  P  to 
be  fixed,  and  A  B  to  be  capable  of  motion,  though  always 
remaining  parallel  to  its  original  direction,  it  will  tend  to 
travel  around  P  in  a  circular  path.  In  Fig.  13,  P  being 
positive,  A  B  would  tend  to  start  by  moving  bodily  out  of 
the  paper  towards  the  reader,  the  direction  of  the  current 
being  from  A  to  B. 

These  phenomena  show  that  magnetism  and  electricity 
are  intimately  connected  with  one  another.  The  region 
around  a  magnetic  pole,  or  around  a  wire  or  other  medium 
carrying  an  electric  current,  is  called  a  Magnetic  Field, 
may  be  mapped  out  by  means  of  lines  of  force,  each  line 
showing  the  direction  of  the  magnetic  force  (or  force  which 
would  be  exerted  on  a  unit  positive  pole)  at  each  point  of  i 
length.  This  force  is  a  measure  of  the  strength  of  the  field, 
or  the  Magnetic  Intensity  at  the  point.  In  the  case  illustrated 
in  Fig.  13  the  field  due  to  the  current  C  is  a  variable  one ;  in 
certain  cases,  however,  it  may  be  uniform  ;  then  the  lines 
of  force  will  be  parallel  straight  lines. 

Similarly,  the  region  round  a  charged  body  is  called  an 
Electric  Field.  It  is  mapped  out  by  lines  of  electric  force 
which  indicate  the  direction  of  the  Electric  Intensity  or  force 
which  would  act  on  a  unit  of  positive  electricity  at  each  point. 
Every  line  starts  from  a  positive  charge,  and  ends  on  a 
negative  one. 

We  will  consider  a  case  of  special  interest  which  bears 
the  electron  theory.  In  Fig.  13  we  have  two  magnetic  fields 
superposed,  one  due  to  C  and  one  to  P.  These  give  rise  1 
a  resultant  field.  We  have  seen  that  P  being  fixed  and  AB 
free  to  move,  the  latter  will  move  towards  the  reader.  Now 
the  field  due  to  P,  an  isolated  positive  pole,  is  represented 
by  a  set  of  straight  lines  radiating  from  P  in  all  directions, 
since  a  unit  positive  pole  situated  near  to  P  would  be  repelled 
from  P  in  a  straight  line.  One  line  of  force  due  to  P  must 
be  P  N,  and  therefore  at  N  the  direction  of  the  field  (to  adopt 
an  expression  which  is  often  used)  due  to  P  is  along  that 
line,  and  towards  the  left.  The  tendency  of  the  bit  of  wire 
near  N  is  to  move  in  a  direction  perpendicular  to  the  fielc 
and  also  perpendicular  to  the  direction  of  the  current,  i.e., 
in  a  direction  perpendicular  to  the  plane  of  the  paper. 
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to  rvcry  oilu-r  part  of  A  B,  the  only  ditu  : 
that  while  the  direction  is  the  same  for  every  part,  tin- 
intensity  of  the  force  acting  on  the  wire  gets  less  and  less  as 

>tance  from  P  increases.     If  the  wire  A  B  were  plao 
a  uniform  field  instead  of  a  variable  one,  the  force  on  every 
of  it  would  be  the  same.     To  sum  up,  we  may  say  that 
y  part  of  a  conductor,  carrying  a  current,  placed  in  a 
magnetic  field  tends  to  move  in  a  direction  perpendicular  to 
;« Id  and  also  to  the  current  itself.     If  these  be  at  right 
angles  to  one  another  the  force  acting  on  unit  length  of  the 
conductor  is  equal  to  the  product  of  the  magnetic  field  (say 
//)  and  the  current. 

From  the  point  of  view  of  the  electron  theory  we  may 

suppose  the  force  to  act  on  each  electron  which 

Force          is  acting  as  a  carrier  of  current.  Let  there  be  n  of 

on  an  these  per  unit  length  of  the  conductor,  each  carrying 

Electron      a  charge  e  and  moving  with  velocity  v.     The 

number  passing  per  second  will  be  nv  and  the  charge 

passing  per  second  n  v  e.    This  is  the  current,  so  we  have  : 

C  =  ne  v. 

The  force  on  unit  length  is  H  C  ;  this  acts  on  the  n  electrons 
in  the  unit  length,  i.e.,  on  n  electrons  we  have  the  force 
//  n  t  v  and  consequently  on  one  electron  the  force  is  H  e  v. 

Now  to  come  to  our  special  case.     Instead  of  a  conductor 
carrying  a  current,  imagine  a  stream  of  cathode  rays  ox 
negatively    charged  particles  in  a  tube.     Let  a 
Deter-        magnetic  field  be  set  up  so  that  the  lines  of  1 
mination     pass    through  the  tube  at  right   angles   to    the 
I  Mivam,  as  shown  in    Fig.  14,  where   A  I 

m  sents    the  original  direction  of  the  j  and 

II     that    of    the    magnetic    field.      Tli 

!<•    at 

to  the  stream  and 
li^ht 

ii,  due  to  tli«- 
•  ii  nt    th<- 

will     1). 

I     B.  Direction 

point    will    be    indicated  of  F- 

by  a  phosph*  h  on 
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the  wall  of  the  tube,  or  by  a  spot  on  a  photographic  plate 
placed  to  receive  it.  Let  distance  B  C  =  x.  Suppose  each 
charged  particle  to  have  mass  m  and  charge  e,  and  suppose 
it  to  be  moving  with  velocity  v.  Now  the  force  F  due  to  the 
magnetic  field  acts  on  the  particle  and  is,  as  we  have  seen, 
equal  to  H  e  v.  But  if  a  force  F  acts  on  a  particle  of  mass 
m  for  time  t,  the  distance  moved  in  the  direction  of  F  (the 
particle  being  originally  at  rest  and  free  to  move)  is  equal 

to   Jfl/2,    where    a    is    the   acceleration    (i.e.,        -Y    thus 

V        mass/ 
p 
the  distance  =  |  -  tz.    (The  fact  that  the  particle  is  already 

moving  at  right  angles  to  the  force  makes  no  difference  to  the 
result  ;  the  two  motions  at  right  angles  to  one  another  may  be 
looked  upon  as  quite  independent  of  each  other  in  this 
respect.)  Substituting  the  value  for  F  obtained  above,  we 
have  the  distance  in  direction  of  F  given  by 

x  =  \H—v  t2. 

m 

If  /  represents  the  length  of  path  of  particle  over  which  the 
magnetic  force  acts,  as  shown  by  the  diagram,  we  have  l  —  vtor 

t  =  -,  and  therefore  : 


m  v 

The  quantities  in  this  equation  supposed  known  or  measurable. 
in  an  actual  experiment,  are  x,  H  and  /.  If  v  were  also  known, 

the  value  of  -  could  be  determined  ;  this  is  the  ratio  of  charge 
m 

to  mass  for  a  single  electron.  But  v  cannot  be  determined 
from  this  equation  ;  it  is  therefore  necessary  to  extend  the 
investigation. 

Suppose  a  uniform  electric  field  to  be  set  up  at  right 
angles  to  the  magnetic  one  on  Fig.  14,  so  as  to  coincide  in 
direction  with  the  arrow  F.  Each  negative  electron  will 
experience  a  force,  say  /,  acting  along  this  field,  but  in  the 
direction  opposite  to  F.  The  magnitude  of  the  force  will  be 
equal  to  the  product  of  the  field  intensity,  say  E,  and  the 
charge  e  of  the  electron,  for  E  is  the  force  acting  on  unit 
charge.  In  fact  /  =  EC.  If  this  force  acted  alone,  that  is, 
without  the  opposing  magnetic  force  F,  the  electrons  would 
be  urged  upward  in  the  figure  and  the  distance  y  above  B, 
at  which  they  would  strike  the  screen,  would  be  given  by  an 
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expression  similar  to  the  one  for  xt  so  that  y  —  \    /2.     1 
however,  /  =  E  z.  and  therefore 

y  =  i  E  *  t*. 
m 

This  differs  from  the  expression  for  x  (apart  from  the  fact 
that  E  replaces  H)  in  that  it  does  not  contain  the  quantity 
v  ;  the  electric  force,  unlike  the  magnetic  force,  being  inde- 
pendent of  the  velocity  of  the  electron.  If  now  two  experi- 
ments be  performed,  one  with  H  and  the  other  with  E,  these 
quantities  being  supposed  known,  and  the  values  of  x  and  y 
measured,  v  can  be  obtained,  for 

H  e  vt* 


m 
H 
=  EV' 

Practically  it  is  better  to  perform  both  experiments,  as  it 

were,  in  on.    and  so  arrange  the  strengths  of  the  field*  //  and 

to  make  x  and  y  equal  to  each  other.     Then,  since  the 

;  ons  are  being  urged  equally  in  opposite  directions,  the 

rvMilt  is  that  no  deflection  at  all  takes  place,     This  condition 

ran  be  obtained  by  so  adjusting  the  fields  that  the  spot  of 

light  remain-  at  B.     Now,  since  x  =  y,  we  have 

//  E 

1=  or    v=   I{. 

By  taking  a  new  experiment  with  H  only,  and  measuri 

nined  for  v  in  the 

equal 

,  =  }//; 

in    v 

ij>|>o>m-    //    to    i  n    the   same   for   l>«.th 


.n*im    t 
*~E~    m 


m 

c  / 

m"      //-/»*' 

fn-m    which    "  .  the  ratio  of  tlie  charge 
in 

!•«•  "Main,  d 
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These  experiments  were  devised  and  carried  out  by  Sir 
J.  J.  Thomson  in  1897.  Assuming  that  the  charge  e  (now 
expressed  in  electrostatic  units  again)  is  the  same  as  that 
carried  by  hydrogen  as  an  electrolytic  ion,  for  which  the 

value  of  C  arge  was  already  known,  his  earliest  results  indicated 
mass 

that  the  mass  of  the  cathode  particle  was  about 
Mass  770  times  less  than  that  of  the  lightest  known 

of  an  atom—  the  atom  of  hydrogen.*  Subsequently, 

Electron  as  we  have  already  seen  (this  sketch  is  quite 

unchronological),  Millikan  determined  the  value 
of  e,  and  thus  that  of  m  can  be  obtained.  Using  a  more 

recent  value  for  —  ,  namely,  5.3  X  io17  and  Millikan's  value, 

4.77  x  io—  10  for  e,  we  obtain  for  the  mass  of  an  electron 
m  =  9  x  io—  28  grms.  The  mass  of  the  hydrogen  atom  is 
about  1.66  X  io—  24  grms.,  and  therefore  is  about  1,800  times 
that  of  an  electron.  Now  the  charge  carried  in  electrolysis 
by  i  gram  of  hydrogen  has  long  been  known  to  be  about 
2.89  x  io14  electrostatic  units  of  electricity,  so  that  carried 
by  one  hydrogen  atom  must  be  2.89  X  io14  X  1.66  X  io—  24, 
i.e.,  4.8  x  io  —  10  units,  which  is  the  same  as  that  found  by 
Millikan  for  the  charge  on  an  electron. 

Millikan's  determinations  of  e  were  not  the  earliest,  several 
others,  giving  rather  less  consistent  results,  having  been  made 
in  1897  and  subsequent  years  at  the  Cavendish  Laboratory 
by  other  methods. 

Determinations  of  the  ratio  of  charge  to  mass  for  positive  rays 
show  that  these  consist  of  charged  atoms  or  groups  of  atoms. 

*  "  All  preconceived  notions  he  sets  at  defiance 

By  means  of  some  neat  and  ingenious  appliance, 

By  which  he  discovers  a  new  law  of  science 

Which  no  one  had  ever  suspected  before. 

All  the  chemists  went  off  into  fits  ; 

Some  of  them  thought  they  were  losing  their  wits, 

When  quite  without  warning 

(Their  theories  scorning) 

The  atom  one  morning 

He  broke  into  bits. 


'.',  a  health  io  Professor  J.  ./. 

he  hunt  ions  for  many  a  day. 
.  \  nd  take  observations 
And  work  out  equations 
A  nd  find  the  relations 
Which  forces  obey." 

A.  A.  R. 


CHAPTER   VIII 


I'mt  of  Current—  Force    at    tlv    Centre  —  Practical 
Currents. 


THE  lines  of  ma^iu-tic  force  due  to  a  current  in  a  long 
straight   conductor  form  circles  around  it.     If  the 
conductor  be  bent  into  the  form  of  a  circle.  tlus» 
become  merged  and  distorted.     In  Fig.  15  some  of  these 


FIG.  15. 

iwn,    llu-  ina^iirtH   force  is  givatu   where  tin 
Minn-  « inM-iy  concentrated  ihan  \vh«i<    ih-v  an 

•ic  in    tli:  light      A 

nun  :  ;  at  the  centre  wmild  1  !<>n^ 

tins  lin.  .   \\itli  a,  force  decreasing  as  the  dis; 
Unit  i  tlie  coil  iiu  i  Mipjn.sc  tli«-  ladius  of  thi- 

ef '  bC  «  Uiu  lit   lx-  so  ad| 

Current  on  tin-   unit   j>.-l.    ai 

tin  In    tliis  CMI  'hi1   1«  nt^tli   «»f   tin- 

.  ii  mi.  .  -i;. in.  UN 

•  •I    I    *1\: 

LJnd  i    tluM-  tin  u; 

unit  \\n>    unit    i>    tli.     .  !.  c  tromagnetic    uni- 
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current.     It  is  the  unit  which  is  used  in  scientific  calculations. 

The  practical  unit,  the  Ampere,  is  equal  to  yY.-th  of  this. 

The  force  at  the  centre  of  a  circular  coil  of  n  turns, 
of  radius  r,  carrying  a  current  C  (in  electro- 
magnetic units),  is  equal  to  2n  X  n-C  (in  dynes) 


Force 
at  the 
Centre 


27rn   Cm 


on 


a  unit  pole,  or  —  -  on  a  pole  of  strength  m . 

The  disposition  of  lines  of  force  due  to  a  solenoid 
or  coil  similar  to  that  shown  in  Fig.  16,  is,  so  far  as  the  field 


FIG.  i 6. 


outside  the  coil  is  concerned,  like  that  due  to  a  bar  magnet. 
Inside  the  solenoid  the  lines  are  nearly  straight.  The  number 
of  lines,  and  consequently  the  intensity,  may  be  greatly 
increased  by  filling  the  solenoid  with  soft  iron,  which  becomes 
strongly  magnetized  by  the  field  in  which  it  is  situated  while 
the  current  is  flowing  in  the  solenoid.  Such  an  arrangement 
constitutes  an  Electro  magnet. 

We  have  seen  that  a  conductor,  carrying  a  current  placed 
in  a  magnetic  field,  perpendicular  to  the  direction  of  the 
field,  tends  to  move  in  a  direction  perpendicular  to  the  field 
and  to  its  own  length.  An  arrangement  depending  on  this 
fact  is  shown  in  Fig.  17.  The  coil  A  B  C  D,  through  which 
a  current  can  be  passed,  is  supported  by  a  fine  wire  or  metal 
strip  capable  of  being  twisted,  the  amount  of  twist  being 
proportional  to  the  forces  applied  to  the  coil.  The  lines 
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FIG.  17. 


of  force  due  to  the  permanent  magnet  N  S,  whose  ends  are 
bent    towards    each    other,    are 
vular  to  the  parts  A  B 
C  I)  of  the  coil  in  its  initial 
lion.     When  a  current  passes 
in  the  direction  shown 
Practical     by   the   arrows,    A  B 
Applica-      is   urged  towards  the 
lions  reader  and  C  D  away 

from  him.   This  causes 
a  twist  of  the  suspended  system 
-  which     may     carry     a     light 
pointer — the     degree     of     twi-t 
depending  on  the  strength  of  the 
current.     The  deflection   of    the 
pointer  thus  furnishes  an  indica- 
tion of  the  strength  of  the  current, 
rrangement  forming 
hanometer    of    the    "moving   coil"   type.      The    in- 
strument  must   be   calibrated   by  passing  known   currents 
igh  it,  and  observing  the  corresponding  deflections  of 
thi-    pointer.     The    maximum    deflection    will    be    90°,    for 
ntly  A  B  and  C  D  cannot  move  further  in  a  direction 
ndieular  to  the  plane  of  the  paper  when  this  deflection 
<  h«  (1      Theoretically  an  infinitely  strong  current  would 
be    required    to    produce    this    deflection.     Practically    the 
instrument  is  only  used  with  currents  which  give  comj 

Mil  <l.-llecti<.- 

Motor  depends  on  exactly  the  same  principle 
moving  coil  gal\ 
but  means  must  be 
adopted    so    as    to    give  —7—  — » 

•ii  ployed, 

Induced       so  long  as  the 
Currents     con  -up- 

plied.     Another 

•  ill' 
ith   those  we    

Mlltf.  B » 

Fio.  18. 

field     //. 

Suppose  A   I;  to  be  dilv  in  perpendi- 
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cular  to  its  length  and  to  H,  i.e.,  towards,  or  from,  the 
reader.  During  the  motion,  so  long  as  A  B  remains  in  the 
field  H  (which  is  supposed  to  extend  some  distance  above 
and  below  the  plane  of  the  paper)  a  difference  of  potential 
is  found  to  exist  between  the  extremities  A  and  B.  If  these 
be  joined  by  another  wire  suitably  arranged,  say  a  long  loop 
which  passes  out  of  the  range  of  H,  a  current  will  pass.  This 
will  stop  when  the  motion  ceases.  It  is  called  an  induced 
current,  and  is  proportional  to  the  strength  of  field  H  and  to 
the  velocity  of  motion  of  A  B.  In  this  way  electric  currents 
can  be  generated  by  mechanical  means.  The  field  must  be 
produced  by  a  permanent  magnet  or  an  electro-magnet  ; 
in  the  latter  case  the  necessary  current  is  supplied  by  the 
Dynamo,  as  the  machine  is  called,  itself.  A  small  field  due 
to  permanent  magnetism  must  exist  in  order  to  allow  the 
dynamo  to  begin  its  work  of  generating  current,  then  the 
electromagnet  gradually  gains  strength  and  the  current 
increases  to  its  maximum  value.  The  current  produced  is 
never  quite  uniform ;  it  may  pass  always  in  one  direction,  or 
its  direction  may  alternate  rapidly,  according  to  the  construc- 
tion of  the  coils  and  connexions. 


CHAPTER   IX 

Miation  —  Hrrt/iau  Waves — Wave  Motion — Reflection 

-Wave  Length — Interference — Young's  Experiment — 

n — Sound     Max\\ rll's    Theory  —Electromagnetic    Waves — 

The  Spectrum—  Diffraction — Dispersion — Construction  of  Huygens — 


A  REGION  of  space  may,  as  we  have  seen,  be  the  seat 
trie  and  of  magnetic  force.     The  magnitude 
may  vary  from  point  to  point  and  from  moment  to 
moment.     Electric  force  may  be  due  to  an  electric  charge, 
!  or  moving,  or  to  a  magnetic  charge  in  motion.     Mag- 
force  may  be  due  to  a  magnetic  charge,,  fixed  or  moving, 
or  to  an  electric  charge  in  motion.      Suppose  an 
The          electron  or  other  small  charged  body  to  be  motionless 
Field        in  space.     Lines  of  electric  force  radiate  from  it  in  all 
directions.     The  force  is  everywhere  directed  towards 
:.(xly  if  its  charge  be  negative.      The  magnitude  of  the 
force  varies  with  distance  according  to  the  inverse  square  law. 
ric  field  exists  around  the  body,  but  no  magnetic 
lywhcre  present.     Now  let  the  body  begin  to  oscillate 
>  and  fro  along  a  short  straight  line.     Evidently  a 
'.ill  be  set  up  in  the  electric  field  close  to  the 
body.     In  a  short  time  the  effect  will  be  felt  at  a  greater 
distance,  and  as  time  goes  on  the  field  farther  and 
Radia-     farther  from  the  oscillating  body  will  become  the 
tion         seat   of   a   rapidly    varying    force,    the    variations 
keeping  time  with  the  motions  of  the  body,  though 
vs  late  by  the  amount  of  time  which  the  disturb 
to  travel  to  the  point  in  question.     In  fact,  wav< 
ric  force  spread  out  in  all  directions  from  the  o 

body.     These  waves   take   time   to  travel       I 
d  is  about  3  x  io10  cms.  per  second. 
Hut  since  th.    charge  is  now  in  mot:  ^netic  f<> 

also  appear  in  the  field.     Such  a  field  is  called  an  Electro- 
1  I-  Id  s  vary  in  value,  keeping  time  with 

body.     One  second  after  the  beginning 
os<  illation,  the  magnetic  force  will  be  felt  at  a  distance 

stmr  instant  the  fir- 

!  «  h  rtiie  ft.  Id  will  there  take  place.      So  : 
as  the  body  oscillates— and  indeed  for  a  second  aft' 
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ceased  to  do  so— that  region  of  space  will  be  the  seat  of  oscil- 
lating electric  and  magnetic  forces,  or  of  electromagnetic 
oscillations.   The  whole  field  around  the  source— the  oscillatu 
body— is  filled   with   electromagnetic   waves,   which   travel 
outward,  like  ripples  on  a  sheet  of  water.     Lines  along  win 
the  waves  progress,  straight  lines  in  the  present  case,  may  be 
called  rays   and  the  body  a  source  of  electromagnetic  radi; 
tion      When  such  radiation  falls  on  electrons,  free  to  move, 
the  forces  act  upon  them  and  set  them  into  motion, 
electrons  are  the  free  electrons  of  a  suitably  placed  conductc 
alternating  currents  may  be  set  up.     The  radiation,  then,  c 
be  detected  by  suitable  means.     Waves  of  this  type  were 
first  demonstrated  by  Hertz*  in  1887,  who  used  as  source 
a  rapidly  alternating  discharge,  or  current,  passing  across  a 

air  space  between  two  metallic  terminals.  Wire- 
Hertzian  less  telegraphy  is  based  upon  these  experiments 
Waves  Rays  of  the  type  we  have  been  considering  are 

fundamentally    different     from    cathode    rays. 
The  latter   consist   of   streams  of   charged   particles, 
charge  may  be  caught  and  measured.     But  electromagneti 
rays  carry  no  charge.     They  do,  however    convey  energy 
as  is  evident  from  the  fact  that  currents,  which  could  be  made 
to  do  work,  may  be  produced  in  conductors  on  which  t 

fall 

Certain  types  of  radiation  are  familiar  to  us  from  common 
experience/Light    and    so-called    Radiant    Heat    are    tl 
chief.     Sound  may  be  classed  as  radiation-it  proceeds  from 
a  source  and  spreads  with  diminution  of  intensity   like  the 
others.     Is  light  analogous  with  cathode  or  with  electro- 
magnetic radiation  ?    That  is,  does  it  consist  of  streams  of 
particles  shot  out  by  the  luminous  source    or  of  waves 
The  former,  according  to  Newton.     But  the  electro-magneti 
researches  of  Maxwellj  and  the  experiments  of  Hertz  had  no 
then  been  accomplished.     Let  us  look  more  closely  into 
subiect  of  wave  motion. 

Waves  are  of  many  kinds.  We  will  consider  two  fundamental 
types— longitudinal  and    transverse   waves 

the  point  o  represents  the  source  of  a  longitudinal 
Wave      wave  travelling  along  o  d,  supposed  perpendicula 
Motion     to  the  paper.     The  lines  a  a',  b  b'  are  drawn  t 

founded  the  electromagnetic  theory  of  light  about  the  year 
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help  the  perspective.  Figs.  193  and  190  represent  transverse 
•s.  In  each  case  the  dots  represent  successive  portions 

of  the  medium   through  which 

the  wave  progresses.     Each  of  A 

these  portions  moves  backwards 

and  forwards  over  a  short  range 

as  the  wave  passes.     The  motion 

of  each  lags  a  little  on  that  of 

the  one  behind  it.     In  case  A  the 

track  of  each  dot  consists  of  a 

short  length  of  o  d.     In  B  each 

track  is  parallel  to  a  a',  and  in    ,  v b' 

Ctobb'.     These  cases  can  very 

easily  be  illustrated  by  means  of 

a  cord  fixed    at   one  end  and  a1 

agitated  by  the   hand    at    the  FIG.  ig\. 

other.     Every  part  of  the  cord 

follows  the  motions  of  the  hand,  at  least  approximately,  until 
A  ave  reaches  the  fixed  end.  The  wave  consists  of  a  series 

of  crests  and  troughs  which  follow  one  another  with  uniform 


b' 


FIG. 


velocity.    Case  A  is  not  quite  so  easy  to  illustra: 

.iy  done  by  m< -an>  of  a  long  spiral  spring  suspended  by 

One  end  of  the  spring  may  be  moved  to  and  fro 

in  the  direction  of  its  length,  and  the  successive  compressions 

and  rarefactions,  whi(  1  -ts  and  troughs  of  tin- 

verse  waves,  can  be  watched  as  they  travel  alon^ 

;%.    These  ar<  1  c  and  r  in  Fig.  IQA.     Every  wave 

inite  v.  l»>rity  :   the  greater  the  lag  between 

successive  portions  of  the  medium  the  less  the  velocity  of  the 
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wave.  Some  media  will  transmit  both  kinds  of  waves- 
sea- waves  are  transverse  (though  not  purely  so),  but  water 
also  transmits  longitudinal  waves,  the  velocity  of  the  latter 
being  much  the  greater. 

Waves  in  a  homogeneous  medium  travel  on  without  devia- 
tion. If  two  media  join  at  a  plane  or  curved  surface,  a  wave 
in  one  of  them  may  be  reflected  on  reaching  the  surface.  If, 
however,  the  second  medium  be  suitable  for 
Reflection  transmitting  the  particular  type  of  wave  con- 
and  cerned,  part  of  the  energy  of  the  wave  may  travel 

Refraction  on  through  the  second  medium  ;  in  general  the 
direction  will  be  altered.  This  phenomenon 
is  known  as  Refraction.  If  the  wave-transmitting  properties 
of  a  medium  vary  gradually  from  point  to  point,  the  path  of 
a  wave  through  it  will  in  general  be  curved. 

Waves  are  produced  by  vibration  of  the  medium  which 
carries  them.  A  rod  dipped  vertically  into  a  sheet  of  water, 
and  moved  up  and  down  n  times  per  second,  will  act  as  a 
source  of  waves  which  will  travel  out  in  circles  with  a  velocity 
depending  on  the  particular  properties  of  the  water  which 
are  concerned  in  the  carrying  of  waves  of  this  type. 
Wave  The  frequency  of  the  vibrations  is  n.  The  distance 
Length  from  crest  to  crest  or  from  trough  to  trough  of  the 
waves  is  called  the  Wave  Length.  Let  it  be  repre- 
sented by  X.  Since  n  of  these  waves  are  generated  in  one 
second,  the  distance  moved  by  a  given  wave  in  a  second  must 
be  nX  ;  thus  if  V  be  the  velocity  we  have  : 

V  =  «x. 

When  a  train  of  waves  strikes  a  smooth,  impenetrable 
surface,  reflection  occurs.     Fig.  20  shows  a  case  of  reflection 

of  circular  water 
Inter-    ripples  by  a  flat, 
ference  solid  plate.  Rays 
may  be  imagined 
as  shown  by  the  dotted 
lines.     But  if  the  plate 
obstructs    only  part    of 
the  wave,  as  in  Fig.  21 
for  instance— the  medium 
extending  beyond — very 
complicated    effects    occur.     Take  a  case   in   which   waves 
from    a    point    source    S,   Fig.   22,    fall  upon  an  obstacle 
having   two  small    openings    A  B.      The    waves    reaching 
A  and  B  will  agitate  the  medium,  and  cause  A  and  B  to  act 


FIG.  20. 
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as  secondary  sources  for  waves  in  the  medium  beyond.  As 
S  is  symmetrical  with  respect  to  A  B,  these  new  waves  will 
be  in  the  same  "  phase  "  as  one  another — a  crest  at  A  will 
be  generated  at  exactly  the  same  time  as  a  crest  at  B.  The 
frequency  of  the  vibrations  at  A  and  B  will,  of  course,  be 
the  same  as  that  at  S.  Now  consider  the  effect  on  the  far 
side  of  A  B.  At  P,  a  point  equidistant  from  A  and  B,  crests 
arrive  at  the  same  instant  from  both  A  and  B.  Half  a 
vibration-period  later  a  trough  from  each  is  due,  and  so  on. 
The  result  will  be  an  intensified  oscillation  at  P.  Next 
consider  the  effect  at  Q,  where  A  Q  is  half  a  wave  length 


FIG.  21. 


S 

longer  than  B  Q.  At  the  instant  of  arrival  of  a  crest  from  B 
a  trough  is  due  from  A.  Destructive  Int. -rf« -mice  takes 
place— the  medium  cannot  be  moulded  into  a  crest  and  a 
trough  at  the  same  place  and  time,  so  it  remains  at  ivst.  like 
a  body  originally  at  n-st,  acted  on  by  two  equal  and  contrary 
.  Half  a  period  later  a  crest  from  A  and  a  trough  from 
B  interfere,  and  still  no  motion  is  produced  at  Q.  The  same 
is  true  for  every  o;  :it.  Tlu  intensity  of  the  radiation 

10  at  Q.     It  is  true  tl  ive  neglected  the  fart  that 

the  impulses  from  An  :i  those  from  B,  since 
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B  is  nearer  to  Q  than  is  A.  But  in  the  main  our  investigation 
is  true.  At  a  point  R,  where  R  A  is  a  complete  wave  length 
greater  than  R  B,  crests  and  troughs  arrive  in  unison  from 
A  and  B,  and  an  intensified  motion  occurs.  Thus  on  the  far 
side  of  A  B  we  have  regions  of  maximum  and  minimum 
intensity. 

If  light  radiation  be  due  to  wave  motion,  we  might  expect 
to  obtain  effects  of  the  above  kind  by  means  of  a  suitably 
planned  experiment.  On  the  other  hand,  if  light  consisted 
of  particles,  like  cathode  rays,  shot  out  from  S, 
Young's  illumination  could  only  be  expected  along  lines 
Experi-  directed  from  S  through  the  openings  A  and  B. 
ment  The  experiment  was  first  made  by  Young,*  who,  at 
the  beginning  of  the  nineteenth  century,  obtained 
a  result  exactly  corresponding  to  our  wave  investigation. 
The  illumination  of  a  screen  placed  parallel  to  A  B  was 
variable;  it  consisted  of  a  central  bright  band  flanked  by 
uniformly  spaced  bands  on  either  side. 

Referring  to  B  and  C,  Fig.  19,  we  may  note  that  in  the  case 
of  transverse  waves  a  difference  in  the  direction  of  vibration 
of  the  particles  of  the  medium  may  exist  in  waves  which  are 
otherwise  identical.  The  excursions  of  the  particles  may  be 
parallel  to  a  a'  or  to  b  b'  or  to  any  line  in  their  plane,  the 
direction  of  the  wave  itself  still  being  o  d.  It  is  clear  from 
Fig.  19,  A,  that  no  such  variety  can  exist  in  the  case  of 
longitudinal  waves.  Suppose  wave  B  to  be  one  travelling 
along  a  cord  o  d,  and  let  a  plate,  having  a  narrow  slit  cut  in 
it,  through  which  the  cord  is  threaded,  be  held  between  o  and  d 
in  a  plane  parallel  to  a  o  b,  with  the  slit  vertical.  The  waves 
are  not  interfered  with  by  the  plate.  The  plate  may  be  said 
to  be  "  transparent  "  to  the  wave.  But  let  the  plate  be 
rotated  in  its  own  plane  till  the  slit  is  horizontal.  Now 
evidently  the  wave  cannot  pass.  The  plate  is  "  opaque.'' 
But  an  exactly  similar  wave,  except  as  regards  direction  of 
motion  of  the  particles  of  the  cord,  such  as  C,  could  now  pass 
through  the  plate.  If  a  wave  like  A  can  pass  through  a  plate, 
no  rotation  of  the  latter  similar  to  that  described  above  can 
cause  an  obstruction  to  the  wave. 

Imagine,  instead  of  one  cord  o  d,  a  large  number  of  parallel 
cords,  each  carrying  a  wave.  These  may  vibrate  in  planes 
making  many  different  angles  with  o  a.  A  plate  with  a  slit 
for  each  wave,  every  slit  being,  say,  vertical,  would  allow 

*  Thomas  Young,  1773-1829.  Professor  of  Natural  Philosophy  at 
the  Royal  Institution,  London. 
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all  the  waves  which  happened  to  correspond  to  B  to  pass 
without  obstruction.  All  waves  like  C  would  be  completely 
stopped,  while  those  vibrating  at  an  angle  with  o  a  would  be 
able  to  transmit  a  part  of  their  motion.  After  transit  these 
1  ft  >rm  waves  similar  to  B  but  having  smaller  "  ampli- 
tude " — the  amplitude  being  the  distance  from  the  line  od 
to  the  extreme  limit  of  the  excursion  of  a  particle,  or  the 
height  of  a  wave  crest  from  the  wave's  centre-line.  The 
waves  after  passing  the  plate,  then,  are  all  of  the  class  B. 
They  are  said  to  be  Plane  Polarized.  If  the  plate 
Polari-  be  rotated  in  its  own  plane  another  set  will  pass 
zation  unmolested,  and  components  parallel  to  them  of 
others  will  also  pass — the  waves  will  still  be  plane 
polarized,  but  the  Plane  of  Polarization  will  now  be  different 
from  what  it  was  in  the  first  case.  This  plane  is  represented 
by  b  o  d  for  wave  B  and  by  a  o  d  for  wave  C.  It  is  the 
plane  containing  the  line  along  which  the  wave  travels  and 
perpendicular  to  the  direction  of  vibration  of  the  particles. 

Suppose  now  we  take  a  second  plate  exactly  similar  to  the 

one  described  above,  and  place  this  parallel  to  the  first  a 

little  farther  along  the  wave,  the  cords  threading  it  just  as  they 

do  tlu   first.     If  the  position  of  the  second  plate  be  similar 

to  that  of  the  first,  i.e.,  the  slits  of  both  being  parallel,  then  the 

polarized  waves  which  have  passed  the  first  are  unobstructed 

by  the  second.     If  now  the  second  be  turned  90°  in  its  own 

plane  every  wave  is  stopped  short.      On  rotating  it  another 

90°  the  waves  pass  as  before.     At  intermediate  positions, 

component-  <>f  the  waves  will  be  allowed  to  pass,  so  that  the 

effect  of  rotation  will  be  a  gradual  and  not  a  sudden  extinction 

of  the  wa\  <  - .*     The  first  plate  may  be  called  a  Polarizer  and 

ilyscr.     An  exactly  analogous  effect  can  be 

lit  -I    had    almost   said   with  li.^ht   waves, 

muM  be  fairly  clear  by  now  that  li^ht  consists  of  waves 

and  not  particles.     A  plate  of  tourmaline,  rut 

i in  way — parallel  to  the  axis  of  the  crystal — acts 

on  a  beam  of  ordinary  li.^ht  in  the  same  manner  as  our 

plate  acted  on  the  vibrating  strings.     It  polarizes  the  b'ght. 

v  to  take  a  second  tourmaline  and 

MM  <>f  II--M  and  rot.r 

\t  two  opposite  position^  the  plate  allows 
tli'    light  to  p.  it  off  at  two  other  positions,  90° 

•'.-.  of  course,  each  1  .Ught  to  turn  about  its  own 

•.-l.it..-  turned  as  a  whole  the  mass  of  strings  would  be 
twitted 
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to  the  first.  Since,  then,  this  analyser  causes  an  alteration 
in  the  intensity  of  the  transmitted  light  from  full  to  zero  by 
mere  rotation  such  as  we  have  described,  it  is  evident  that  the 
light  falling  on  it  has  a  kind  of  two-sided  nature — it  is  polarized. 
This  points  to  the  fact  that  light  waves  are  transverse  and  not 
longitudinal. 

On  the  other  hand,  no  such  phenomenon  as  polarization 
is  known  in  connexion  with  sound.  But  interference  does 
take  place  in  the  case  of  sound.  Just  as  two  waves  of  light, 
as  from  A  and  B  in  Fig.  22,  interfere  at  Q,  with 
Sound  darkness  as  a  result,  so  two  sounds  may  interfere 
with  each  other,  the  result  being  silence.  When 
two  organ  pipes  of  nearly  equal  pitch  sound  together  "  beats  " 
are  produced.  These  can  be  explained  if  we  assume  sound 
to  be  transmitted  in  the  form  of  waves.  If  two  waves  reach 
the  ear  in  the  same  phase  at  a  given  instant,  the  result  is 
intensified  sound,  i.e.,  a  sound  louder  than  would  be  due  to 
either  wave  separately.  But  if  a  little  later  on  the  waves 
reach  the  ear  in  opposite  phase,  they  will  interfere,  and  the 
result  will  be  minimum  intensity  of  sound,  or  even  silence. 
Later,  when  the  waves  are  in  the  same  phase,  loud  sound 
is  again  heard,  and  so  on.  To  accomplish  this  result  it  is 
necessary  for  the  wave  length  of  the  one  train  of  waves  to  be 
slightly  greater  than  that  of  the  other.  Then,  since  the  two 
trains  travel  with  the  same  velocity,  it  is  clear  that  an  ear 
will  receive  the  waves  "  in  step  "  at  one  instant,  and  "  out 
of  step  "  at  a  succeeding  instant,  then  in  step  again  and  so 
on.  The  listener,  in  fact,  will  hear  beats.  It  will  not  be 
difficult  for  the  reader  to  prove  for  himself  that  the  frequency 
of  the  beats  will  be  equal  to  the  difference  between  the 
frequencies  of  the  two  sound  vibrations.  If,  then,  sound 
consists  of  waves,  but  of  waves  which  do  not  exhibit  polariza- 
tion, we  must  identify  the  waves  with  those  of  type  A,  Fig.  19. 
The  waves  of  sound  are  longitudinal. 

It  can  easily  be  shown  by  experiment  that  sound  will  not 
pass  through  a  vacuum.  It  is  readily  transmitted  by  solids, 
liquids,  and  gases.  Light  on  the  other  hand  passes  even  more 
readily  through  a  vacuum  than  through  even  the  most  trans- 
parent substance.  Different  media,  then,  are  necessary  for 
the  two  classes  of  waves. 

The  wave  motion  constituting  sound  is  more  easily  studied 
experimentally  than  that  of  light.  The  waves  can  be  pro- 
duced in  air  by  means  of  a  body  such  as  a  tuning  fork  set  into 
mechanical  vibration.  The  frequency  of  the  vibrations  can 
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be  determined,  and  the  pitch  of  the  note  produced  shown  to 
depend  on  the  frequency.  Doubling  the  frequency  raises  the 
pitch  by  an  octave.  The  amplitude  of  the  waves  (amplitude 
=  J  length  of  excursion  of  a  particle  of  air)  determines  the 
intensity  of  the  sound  ;  and  an  analysis  of  the  "  wave  form  " 
shows  that  this  controls  the  quality  of  the  note.  The  wave 
form  depends  on  the  particular  way  in  which  a  particle  of 
the  medium  moves  in  its  path.  It  might,  for  instance, 
move  uniformly  from  end  to  end  and  back,  or  it  might  move 
rapidly  forward  and  slowly  back,  or  in  any  other  imaginable 
way,  the  only  necessary  feature  of  its  motion  being  that  it 
must  be  periodic,  that  is,  the  same  motion  must  be  repeated 
exactly  over  and  over  again.  Thus  we  see  that  the  three 
qualities  by  means  of  which  we  can  draw  up  the  specification 
of  any  sound  waves — frequency,  or  its  allied  wave  length, 
amplitude,  and  form — have  their  corresponding  effects  on  the 
sound  heard,  namely,  on  the  pitch,  loudness,  and  quality. 

The  velocity  of  sound  in  dry  air  at  o°  C  is  about  33,130  cms. 
per  sec.  That  of  light,  as  determined  by  experiment,  is 
about  3  X  io10  cms.  per  sec.  A  calculation  made  by  Max\\vll 
of  the  velocity  to  be  expected  in  the  case  of  electromagnetic 
waves  led  to  this  same  value.  This  fact  forms  the  foundation 

of  Maxwell's  Electromagnetic  Theory  of  Light. 
Max-  It  is  simply  that  light  waves  are  electromagnetic 
well's  waves,  and  not  mere  mechanical  ripples  like  those 
Theory  produced  by  agitating  still  water.  Later,  Hertz 

actually  demonstrated  the   production  of   electro- 
magnetic waves,  as  we  have  already  seen.    These  waves, 
according  to  the  theory,  are  similar  to  light  waves,  and  differ 
only  in  that  their  wave  lengths  are  enormously  greater  than 
of  light.     This  theory  holds  the  field  to-day,  but  it  is 
{K>ssible  to  form  a  mental  picture  of  electromagnetic 
was  of  tin-  m.vhanical  vibrations  of  the  older 
theory— the   "  elastic   solid   theory,"   which   supposed    tin* 
vibrations  to  take  plan    in  a  kind  "of  clastic  substance  « 

inch  permratrd  all  space.     The  whole  question  of 

far  t<><>  diiii-  nli  to  enter  on  h.  I 

We  may  take  a  mn^h  survey  of  the  electromagnetic  waves 

of  which  we  have  knowledge.    The   H«it/ian  waves  may 

lengths    ranging    from    i   or    more 

Electro-  kilmn  tr< -s  down  to  i  cm.  or  even  less.  Shorter 
magnetic  waves  of  1. n^tli^  fr..m  about  .01  cm.  to  less  than 
Waves  .00001  cm.  can  be  detected 

hiding  hot  bodies  and  flames, 
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and  gases  rendered  luminous  by  the  passage  of  the  electric 
current.  Of  these  waves  those  ranging  approximately  from 
.000077  t°  -000039  cm-  excite  vision  if  they  fall  on  the  eye. 
All  the  waves  carry  energy. 

The  group  of  waves  emitted  by  a  body  whose  temperature 
is  below  that  of  incandescence  contains  none  of  the  shorter 
ones,  but  as  its  temperature  is  raised,  shorter  and  shorter 
waves  are  generated,  till  at  last  the  longest  of  those  capable 
of  exciting  vision  are  given  off.  These  give  rise  to  the 
sensation  of  red.  As  the  temperature  is  further  raised, 
shorter  waves  mingle  with  the  others,  and  the  resulting  light 
becomes  whiter  and  whiter.  Then,  finally,  rays  too  short 
to  cause  vision  begin  to  be  emitted.  These,  together  with  the 
shorter  visual  waves,  give  rise  to  pronounced  chemical  effects : 
for  example,  they  powerfully  affect  photographic  plates. 

But,  in  order  to  investigate  these  waves,  leaving  aside  the 
Hertzian  waves  for  the  present,  it  is  necessary  to  adopt  means 
of  separating  out  the  different  constituents  contained  in  a 
composite  beam,  such  as  that  emitted  by,  say,  an  electric 
arc  lamp.  Two  methods  are  in  common  use,  one  depending 
on  the  interference  phenomenon  illustrated  in  Fig.  22.  It 
is  evident  that  the  point  R  of  great  intensity  will  be  nearer 
to  P  the  shorter  the  wave  length  of  the  radiation,  for  AR 
is  just  one  wave  length  greater  than  B  R.  So  a  measurement 
of  P  R  enables  us,  together  with  a  knowledge  of  the  other 
dimensions  of  the  figure,  to  calculate  the  wave 
The  length  of  the  radiation  emitted  by  S.  If  this 

Spectrum  radiation  contains  waves  of  several  lengths,  there 
will  be  a  different  point  R  for  each  length ;  the 
different  wave  lengths  will,  as  it  were,  be  ranged  along  PR. 
Such  an  arrangement  of  the  different  constituents  of  a  beam 
of  radiation  is  called  a  Spectrum.  The  spectrum  we  have 
considered  is  a  first  order  spectrum ;  it  is  due  to  a  difference 
of  one  wave  length  between  the  lengths  A  R  and  B  R.  There 
will  be  second  and  third  order  spectra  due  to  differences  of 
two  and  three  wave  lengths,  and  so  on.  Of  course,  also,  a 
corresponding  set  of  spectra  will  exist  on  the  other  side  of 
P.  In  actual  practice,  a  plate  A  B,  having  a  very  large 
number  of  parallel  transparent  (or  reflecting)  strips,  separated 
by  opaque  ones,  is  used.  These  Diffraction  Gratings,  as 
they  are  called,  have  thousands  of  such  strips  or 
Diffrac-  "  rulings  "  to  the  inch.  The  investigation  necessary 
tion  is  somewhat  more  complicated  than  in  the  above 
simple  case,  but  is  the  same  in  principle. 
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The  other  method  of  sorting  the  wave  lengths  is  due  to  the 
fact  that  waves  of  different  lengths  are  differently  refracted 
when  they  enter  or  leave  (obliquely)  a  transparent  substance, 

such  as  glass.  Generally,  the  longer  the  wave  the 
Disper-  less  the  refraction.  In  Fig.  23  I P  represents  a 
sion  composite  wave  incident  at  P  on  a  glass  block. 

PR!  indicates  the  path  in  the  glass  of  the  longest 
waves  and  P  R2  that  of  the  shortest.  This  separation  is  called 
Dispersion.  A  more  convenient  method  is  to  use  a  prism  of 
glass  or  other  transparent  substance  (see  Fig.  24).  The 


FIG.  23. 


FIG.  24. 


ting  spectrum  may  be  projected  on  to  a  screen,  or  received 

photographic  plate,  or  the  energy  carried  by  each  portion 

may  be  determined  by  means  of  a  delicate  heat-measuring 

appa:  The  spectrum  given  by  a  prism  is  not  quite 

that  due  to  tin 
action  uniting,  the  ar- 
rangement of  the  various 
wave  lengths  b 
regular  and  sometimes  alto- 
gether anomal 
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can  be  seen  by  the  construction  of  Huygens.*  Let  A  B, 
CD,  Fig.  25,  represent  the  extreme  rays  of  a  beam 
of  radiation  falling  on  a  glass  block.  The  lines  BE, 
etc.,  represent  wave  fronts  advancing  to  the 
Construe-  surface.  When  the  end  B  of  a  wave  front 
tion  of  reaches  the  surface,  E  has  still  a  distance 
Huygens  ED  to  travel.  Meanwhile,  B  passes  into  the 
glass,  but  moves  with  reduced  velocity.  Thus 
when  E  arrives  at  D,  B  reaches  some  point  on  the  circular 
arc,  whose  radius  is  to  ED  as  velocity  in  glass  is  to  velocity 
in  air,  for  the  wave  concerned.  So  the  wave  front  in  the  glass 
must  stretch  from  D  to  the  arc,  to  which  it  will  be  tangential 
at  M.  The  new  ray  from  B  will  be  B  M,  perpendicular  to 
D  M,  and  that  from  D  will  be  D  N,  which  must  also  be  in 
the  same  direction.  The  new  wave  fronts  will  be  closer 
together  than  before ;  in  fact,  the  wave  length  in  the  glass  is 
less  than  that  in  air.  This  is  evident  from  the  fact  that 
BM  contains  the  same  number  of  waves  as  ED.  These 
intermediate  wave  fronts  will  be  bent  where  they  cross  the 
surface  B  D  ;  one  of  them  is  indicated  by  the  dotted  line. 
It  is  clear  that  the  amount  of  bending  or  refraction  of  A  B 
and  C  D  depends  on  the  amount  of  reduction  of  velocity  on 
entering  the  substance,  for  the  smaller  the  velocity  the 
smaller  the  radius  B  M  and,  consequently,  the  greater  the 
refraction. 

Let  us  now  consider  a  spectrum,  such  as  that  given  by  a 
diffraction  grating,  containing  all  wave  lengths  which  have 
been  experimentally  obtained.  We  neglect  the  long  Hertz 
waves,  to  which  the  grating  is  not  adapted.  The  central 
portion  of  the  spectrum  yields  waves  which  excite  vision. 
Of  these  the  longest  give  rise  to  a  sensation  of  red,  the 
shortest  to  that  of  violet.  Waves  of  intermediate  lengths 
correspond  to  the  remaining  colours  of  the  rainbow.  Mixtures 

of  these  waves  in  varying  proportions  give  rise 
Colour  to  all  the  colour  sensations  which  we  can  perceive. 

A  mixture  of  all  in  suitable  proportions  produces 
white.  Other  rays  not  in  this  "  visible  spectrum  "  may  also 
be  mixed  in  without  altering  the  visible  effect.  Beyond  the 
ends  of  the  visible  spectrum  we  have  waves  called  Infra 

*  Christian  Huygens,  Dutch  philosopher,  1629-1693.  He  pro- 
pounded the  undulatory  theory  of  light,  which,  however,  was  not 
generally  accepted  till  long  after.  He  also  discovered  the  polarization 
of  light,  but  could  not  explain  it,  as  he  had  longitudinal  waves  and  not 
transverse  ones  in  mind. 
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Red  and  Ultra  Violet  respectively.  The  most  powerful 
heating  waves  are  in  the  infra  red  and  the  red  end  of  the 
visible  spectrum,  and  those  which  chiefly  affect  the  photo- 
graphic plate  are  in  the  ultra  violet  and  towards  the  violet 
end  of  the  visible  spectrum.  The  waves  which  affect  the  eye 
most  strongly  are  those  in  the  yellow  and  green  portions 
of  the  visible  spectrum ;  the  effect  grows  weaker  as  either  the 
or  violet  is  approached. 


CHAPTER  X 

X-Rays  —  Their  Production  —  Crystals  —  Wave  Length  —  Radio- 
activity— Radio-active  Changes — The  Theory — lonization — Atomic 
Energy. 

ANEW  type  of   rays  was   discovered  by  Rontgen*  in 
1895.     These  rays,  called  by  him    X-rays,  possess 
very  remarkable  properties.     They  readily  penetrate 
considerable    thicknesses    of    substances    such    as    wood, 

aluminium,  and  muscular  tissue,  which  are  opaque 
X-Rays  to  ordinary  light.  Bone  is  more  opaque  to  these 

rays  than  flesh,  and  the  heavy  metals  are  more 
opaque  still.  Like  the  shorter  waves  of  the  spectrum,  X-rays 
affect  the  photographic  plate,  and  they  also  excite  fluorescence 
when  they  fall  on  certain  substances.  On  account  of  these 
properties,  shadow  photographs  of,  say,  the  bones  of  the 
body  can  be  taken,  or  shadow  pictures  observed  directly  by 
the  substitution  of  a  fluorescent  screen  for  the  photographic 
plate.  But,  unlike  light,  X-rays  cannot  be  refracted  by 
prisms  and  lenses,  or  reflected  by  mirrors. 

X-rays  are  produced  when  cathode  rays  strike  a  solid 
obstacle.  They  start  from  the  point  at  which  the  collision 
takes  place.  They  are  quite  dissimilar  from  the  cathode 
rays  which  give  rise  to  them,  for  they  carry  no  electric  charge 

and  they  cannot  be  deflected  by  a  magnetic  or  an 
Their  electric  field.  For  the  convenient  production  of 
Produc-  them  a  stream  of  cathode  rays  is  caused  to  impinge 
tion  on  a  small  metal  plate  in  a  discharge  tube  ;  X-rays 

are  given  off,  and  pass  out  of  the  tube  in  straight 
lines  radiating  from  the  metal  target. 

It  might  seem  that  a  corpuscular  theory  would  best  fit  the 
positive  and  negative  properties  to  which  we  have  referred ; 
but  recent  experiments  by  Laue  and  W.  H.  and  W.  L.  Bragg 
show  that  effects  similar  to  some  of  those  exhibited  by  light 
can  also  be  obtained  with  X-rays.  In  the  Braggs'  experi- 
ments a  beam  of  X-rays  is  caused  to  fall  on  a  plate  of  crystal. 
Owing  to  the  regular  arrangement  of  the  atoms  in  the  crystal 

certain  planes  exist  within  it  which  are  rich  in  atoms, 
Crystals  while  other  planes  contain  fewer  atoms.  Such 

*  Wilhelm  Konrad  von  Rontgen,  German  physicist. 
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planes  are  represented  by  A  B,  A  C,  and  A  D  in  Fig.  26, 
AB  containing  the  greatest  number  of  atoms  per  unit 
area.  These  planes  act  as  reflectors  to  the  rays.  The 
more  atoms  per  square  cm.  the  more 

efficient    the    reflector.     Suppose    a       

beam  of  X-rays  to  fall  obliquely  on 

A  B.     A  small  fraction  of  the  beam 

will  be  reflected,  and  the  rest  will 

pass  on.     Of  this  remainder  a  small 

portion  will  be  reflected  at  the  next 

plane  of  atoms  parallel  to  A  B,  and 

further   portions   at   the  successive 

planes  in  the  crystal.     These  reflected 

portions    will    (in    certain    circum-  FIG.  26. 

stances)   reinforce  each  other,   and 

emerge  from  the  crystal  as  a  beam  which  can  be  detected  by  its 

action  on  a  photographic  plate.     In  order  that  reinforcement 

may  occur,  the  direction  in  which  the  reflected  rays  travel  must 

be  such  that  the  paths  of  the  successive  portions  differ  from 

one  another  in  length  by  exact  multiples  of  the  wave  length — 

we  are  assuming  a  wave  theory  of  X-rays.     In  other  directions 

there  will  be  destructive  interference  between  them,  and 

consequently  no  emergent  beam  will  exist.    The  difference 

of  path  b  two  of  the  portions  depends  on  the  distance 

between  the  successive  reflecting  planes,  as  well  as  on  the 

angle  of  reflection,  and  it  is  therefore  evident  that  a  relation 

exists  between  the  wave  length  of  the  X-rays  and  this  distance 

between  tin-  layers  of  atoms  in  the  crystal. 

The  Braggs  succeeded  in  measuring  both  these  quantities, 
and  in  locating  accurately  the  atoms  in  many  crystals.    The 

wave   lengths  were   found   to  be  of   the  order  of 

Wave      .00000001   cm.  or  about  ?ta  of  the  shortest  ultra 

Length    violet  light  waves  observable  by  direct  methods. 

ta  due  to  the  extreme  ihortneaa  <>f  these  waves 

-rained  mirrors,  naturally  supplied  as  we  have 

by  crystals,  are  necessary  for  the  experiment^  on  reflec- 

.'1     that     ordinary    mirrors    are    ineffective.      The 

penetrating  power  of  the  rays  is  also  due  to  the  same  cause. 

d,  possess  the  properties  of  very  short  light 

ay  place  them  at  the  nul  of  our  scheme  of 

ignetic  radiation,  which  begins  with  long  Hertzian 
waves,  and  include  the  infra  red,  visual  and  ultra  violet 
light. 

We  have  seen  that  in  electrical  processes,  such  as  the  dis 
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charge  through  rarefied  gases,  some  electrons  become  detached 
from  the  atoms  of  which,  in  ordinary  circumstances,  they 
form  a  part.  Atoms,  then,  are  not  the  indivisible  entities  of 
the  older  atomic  theory.  But  we  cannot,  apart  from  such 
cases,  artificially  split  them  up  into  their  component  parts. 
A  discovery,  however,  made  soon  after  that  of  X-rays,  by 
Becquerel,  and  extended  by  M.  and  Mme.  Curie,  shows  that 
certain  atoms  may  spontaneously  disintegrate.  The 
substances  whose  atoms  exhibit  this  property  are  called 
Radio-active.  A  radio-active  substance,  such  as  a  mass  of 
radium,  which  has  been  left  alone  for  a  considerable 
Radio-  time,  emits  rays  of  different  kinds,  known  as  a-,  (3-, 
activity  and  y-rays.  The  oc-rays  have  been  identified  with 
atoms  of  helium,  carrying  a  positive  electric  charge 
equal  to  ze.  The  velocity  with  which  they  are  emitted  varies 
somewhat  for  the  different  radio-active  substances  ;  it  is  one 
or  two  times  io9  cms.  per  second.  The  a-particles  are  capable 
of  producing  phosphorescent  flashes  on  striking  a  suitably 
prepared  screen.  The  atom  ejecting  such  a  particle  thereby 
becomes  lighter — indeed,  it  becomes  a  different  atom. 

The  [3-rays  emitted  by  radio-active  substances  are  similar 
to  cathode  rays.  They  consist  of  electrons,  with  the  usual 
negative  charge  of  magnitude  e.  Their  velocity  is  generally 
greater  than  that  of  cathode  rays,  and  in  some  cases  is  very 
nearly  equal  to  the  velocity  of  light.  Both  a-  and  (3-rays 
possess  a  certain  power  of  penetrating  substances,  this  being 
much  the  greater  in  the  case  of  p-rays.  a-rays  can  be  stopped 
by  small  thicknesses  of  solid  matter,  and  the  fastest  of  them 
can  only  penetrate  a  few  cms.  of  air;  p-rays  on  the  other 
hand  penetrate  several  metres  of  air.  This  is  due  to  their 
superior  velocity ;  but  if  a-  and  (3-rays  of  equal  velocities  were 
compared,  the  a-rays,  being  much  heavier,  would  be  found 
to  be  the  more  penetrating  of  the  two.  Since  the  mass  of  a 
p-particle  is  very  small,  its  loss  makes  very  little  difference 
to  the  mass  of  the  atom  ejecting  it. 

The  v-rays  are  similar  to  X-rays,  and  carry  no  charge. 
They  do  not  consist  of  actual  particles  like  the  other  types, 
and  are  not  deflected,  as  are  the  others,  by  electric  and  mag- 
netic fields.  They  have  much  greater  penetrating  power 
than  that  of  the  p-rays. 

A  heavy  radio-active  atom  such  as  uranium  may  give  off 
successively  a  number  of  a-particles  or  charged  helium  atoms. 
At  each  ejection  it  becomes  a  new  atom.  Thus  it  passes 
through  a  whole  series  of  changes  ;  the  final  product  of  the 
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series  beginning  with  uranium  has  been  identified  with  lead, 
s  are  also  given  off,  but,  as  we  have  seen,  the  effect  of 
this  on  the  mass  is  inconsiderable. 

The  emission  from  a  given  radio-active  substance,  such  as 
the  mass  of  radium  referred  to  above,  goes  on  at  a  constant 
rate,  which  depends  on  its  quantity  only,  and  is 
Radio-  not  affected  by  its  temperature  or  other  physical 
active  conditions.  The  actual  process  of  radio-activity 
Changes  is,  however,  much  more  complex  than  would 
appear  from  this  simple  fact.  The  substance  can 
be  split  up  by  chemical  means  into  several  portions,  which 
emit  differently :  some  a-rays,  some  p-  and  y-rays,  and  some 
all  three  kinds,  though  details  of  the  process  vary  for  different 
substances.  One  of  these  portions  usually  consists  of  the  main 
bulk  of  the  substance,  the  others  of  very  small  quantities. 
The  total  emission,  consisting  of  the  emissions  from  the 
several  portions  added  together,  remains  constant,  and  equal 
to  the  original  emission  from  the  undivided  substance.  But 
the  activity  of  each  of  the  portions  varies  as  time  goes  on, 
and  would  eventually  stop  altogether  in  the  case  of  all  except 
the  first.  This  portion  grows  in  activity  as  the  others  wane, 
so  keeping  the  total  activity  constant. 

The  results  may  be  explained  on  the  supposition  that  the 

separate  portions  each  contain  at  first  one  of  a  series  of  active 

.  hich  differ  among  themselves.     Each  of  these 

gradually  decays,  but  in  doing  so  produces  some  of 

The  substance  m-xt  in  the  series,  which  in  its  turn 

Theory    decays  and  gives  rise  to  the  next  kind  and  so  on. 

The  iinal  product  is  not  radio-active,  at  least  to  any 

observable    d  When    all    the    portions    which    were 

originally  separated  from  the  main  mass  have  decayed  into 

;i.  a  \\huK  iu  \\  M  IKS  has  been  produced  in  tlu 

and  thus  the  total  activity  is  preserved  constant.     Of 

substance  must  decay  and  lose  its 

i'ut  its  1  v  long.    The  actual  changes  which 

go  01  d  by  the  emission  of  rays,  as  we  have 

dy  seen ;  but  only  an  extremely  minute  fraction  of  the 

atoms  composing  a  radio-active  substance  such  as  uranium 

or  radium  tak<-  part  in  tlu  t  hanges  at  any  given  ti; 

The  scries  of  active  substances  above  referred  to  is  called 

itefl  at  win.  h  the  several  con- 
.  .(limn  decays  to  half 

in  about  i,5N  and  other  members  of  the  series 

following  radium  in  about  3.85  days,  3  minutes,  27  minutes, 
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20  minutes,   16  years,   4.85  days,  and   136.5  days   respec- 
tively. 

X-rays  and  the  rays  from  radio-active  substances  possess 
the  power  of  "  ionizing  "  gases  through  which  they  pass. 

Air  in  its  ordinary  condition  is  an  exceedingly 
loniza-  good  insulator,  but  it  at  once  becomes  capable  of 
tion  conducting  electricity  if  a  beam  of  any  of  the  above 

rays  be  passed  through  it.  In  its  new  state  the  air 
is  said  to  be  Ionized.  The  rays,  falling  on  gaseous  atoms, 
detach  electrons  from  them,  and  thus  the  originally  neutral 
atoms  become  divided  into  positively  charged  atoms  on  the 
one  hand  and  negative  electrons  on  the  other.  Such  a  gas 
in  an  electric  field  conducts  electricity,  the  positive  and 
negative  ions,  which  move  in  opposite  directions  under  the 
action  of  the  field,  giving  rise  to  a  current  through  the  gas. 

From  what  has  been  said  it  will  be  clear  that  the  atoms 
of  matter  contain  considerable  stores  of  energy.     Some  of 

this  energy  is  expended  whenever  radio-active 
Atomic  changes  occur.  If  means  could  be  discovered  by 
Energy  which  it  could  be  extracted  and  used  at  will  it 

would  be  found  to  exceed  enormously  in  quantity 
the  energy  which  is  developed  in  the  ordinary  processes  of 
chemical  action  and  combustion.  Indeed,  a  beginning  has 
already  been  made,  for  Sir  E.  Rutherford,  by  bombarding 
nitrogen  with  a-particles,  has  succeeded  in  breaking  up  this 
element  into  hydrogen  and  a  gas  of  mass  3,  with  emission  of 
rays  whose  energy  is  greater  than  that  used  in  their 
production ;  so  that  we  may  be  on  the  verge  of  the  discovery 
of  new  available  sources  of  energy. 
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FORCE  AND  ACCELERATION 

T\YO  preliminary  experiments  : 
(a)    Verification   of  the  Principle  of  the  Triangle 
of  Forces.     In  this  experiment   three  forces  acting 
at  a  point  are   represented  by  strings  attached  to  a  small 
metal  ring,  and  kept  in  a  state  of  tension  by  means  of  three 
stretched  spring  balances  hooked  to  pegs  fixed  in  a  drawing 
board.    The  magnitudes  of   the  forces  can  be  read  on  the 
scales  of  the  balances.     Trace  the  directions  of  the  forces, 
that  is,  of  the  strings,  on  a  paper  pinned  to  the  board,  and  mark 
off  along  each  direction  a  distance  proportional  to  the  force 
represented.     Verify  the  statement  that  a  triangle  can  be 
drawn  whose  sides  taken  in  order  represent  in  magnitude 
and  direction  the  three  forces  acting  on  the  ring.     Also  show 
that  the  resultant  of  any  two  of  the  forces — obtained  by 
drawing   the   diagonal   of 
parallelogram  (shown 
in    l;itf.  27)  of  which  the 
two     lines,     representing 
tli*    forces,  from  adjacent 
—is  equal  in  magni- 
tude    and     opposite     in 
direction     to     the     third 
.     Alt.  r  thr  position 
of  one   of  the  pegs  and 

;he  experiment. 
(b)    Determination      of 
g,     /  iteration     of 

Gravity,     by    the    Simple 
Pendulum.      Set     up     a 
simple  pendulum  by  sus- 
pending a  metal  bafl,  a  en  in  <li.n:  fixed 
^ipp<>rt  by  i;                                                         l  nne  on  a  card, 
nnrl  fix  it                         fa  pendulum,  with  th.   I: 
thnt   whm  viewed  from  a  point  in  front,  the  pendulum  in  its 
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position  of  rest  appears  to  coincide  with  the  line.  Set  the 
pendulum  swinging  through  a  small  angle  and  observe  it 
from  a  distance  of  one  or  two  metres.  Time  the  pendulum 
by  observing  twenty,  or  for  greater  accuracy  fifty,  complete 
oscillations.  Each  time  it  crosses  the  central  mark  a 
"  transit  "  is  said  to  take  place.  A  complete  oscillation  is 
the  movement  which  occurs  between  a  transit  in  a  given 
direction  and  the  next  transit  in  the  same  direction.  Time 
by  means  of  a  stop  watch,  and  divide  the  total  time  by  the 
number  of  oscillations  observed,  starting  and  stopping  the 
watch  at  the  exact  instants  of  the  initial  and  final  transits. 
Let  the  time  in  seconds  of  an  oscillation  be  t.  Measure  the 
length  /  of  the  pendulum,  from  the  point  of  support  to  the 
centre  of  the  ball.  Repeat  the  observations,  using  several 
different  lengths  of  thread. 
The  relation  between  t  and  /  is  given  by  the  equation 

<  =  2*  /I, 

V    g 

where  g  is  the  acceleration  of  gravity.     Since 

g  =  4*2  -/*• 

as  is  evident  by  squaring  the  equation,  it  follows  that  -^  must 
be  constant,  however  I  may  vary,  for  g  is  constant.  Verify 
this  by  calculating  -  for  each  length  used.  Experimental 

errors  will  cause  slight  variations  of  the  value.  Take  the  mean 
value  and  use  it  to  calculate  the  value  of  g  by  means  of  the 
equation. 

The  expression  for  t  given  above  applies  only  to  small 
amplitudes  of  oscillation,  the  amplitude  being  the  angle 
between  the  central  position  of  the  pendulum  and  the  extreme 
position  on  either  side.  Make  a  few  observations  of  time  of 
swing,  using  large  amplitudes.  Compare  these  times  with 
that  obtained  for  the  same  length  of  pendulum  vibrating 
through  a  small  angle. 

Experiments  with  an  Inclined  Plane. 

A  small  trolley,  with  light,  freely  moving  wheels,  and  a 
smooth  board,  which  can  be  set  at  any  small  angle  with  the 
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horizontal,  are  required.  The  latter  forms  a  track  along 
which  the  trolley  can  run.  Means  must  also  be  provided 
determining  the  times  taken  by  the  trolley  to  travel 
diiierent  distances  down  the  track.  A  plan  sometimes 
adopted  is  to  fix  a  strip  of  paper  or  card  on  the  trolley,  and 
to  arrange  a  vibrating  steel  spring,  fixed  at  one  end  and  carry- 
ing an  inked  brush  at  the  other,  in  such  a  way  that  the  brush 
traces  a  curved  line  on  the  paper  as  the  trolley  descends  the 
plane.  The  time  of  vibration  of  the  spring  is  known,  and  the 
distance  moved  during  one  vibration  is  equal  to  the  distance 
between  two  wave  crests  on  the  curve  traced.  If  the  speed 
of  the  trolley  accelerates,  the  distances  between  the  successive 
crests  will  increase,  each  distance  being  described  in  the  same 
time.  Otherwise  a  metronome  may  be  set  to  give  suitable 
beats  (these  being  timed  by  means  of  a  stop-watch),  and  the 
distance  moved  by  the  trolley  observed  while  the  beats  are 
counted. 

The  arrangements  for  timing  being  completed,  set  the 
plane  at  a  small  angle  to  the  horizontal,  and  allow  the  trolley 
to  start  from  the  rest  near  the  top  at  a  given  instant.  Note 
the  time  /  taken  for  it  to  move  any  definite  distance,  say  s, 
m  cms.,  down  the  plane.  Assuming  that  the  body  moves 
with  uniformly  increasing  velocity,  determine  the  final 
velocity  at  the  distance  s  from  the  starting  point.  To  do 
make  use  of  the  fact  that  the  final  velocity  is  twice  the 

ige  velocity,  which  is  itself  equal  to      .    Thus  the  final 

2S 

:ty   v  is   equal  to 

xt  calculate  the  acceleration,  /say,  of  the  motion  d 
the  plane,  that  is,  the  change  of  velocity  during  a  given  time 

2S  —  t        2S 

that  time.    Thus/=  —  -  —  =  -=  ,  in  cms.  per  sec. 

per  sec.     The  force  acting  on  the  body  in  the  direction  of 

otion  is  equal  to  the  mass  of  the  body  multiplied  by  tli. 

•  m  Ix-  th-    in.  i—  of  tin-  trolley,  then  (ignoring 

tion  due  to  the  rotation  of   ti  \hose 

mass  should  1  :  t<>  th.it  of  the  rest  of  th«  body) 


11  be  m/,  or        .    The  actual  vah 


refore  be  1  fioin  th<-  data  in  ha: 

Now  calculate  the  force  by  anuthn-  method.     Suppose 
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angle  made  by  the  plane  with  the  horizontal  to  be  6°,  shown 
(exaggerated)  in  Fig.  28.    The  weight,  in  dynes,  of  the  body 


FIG.  28. 

is  mg,  and  it  acts  vertically  downward.  The  component  of 
this  weight  resolved  parallel  to  the  plane  is  alone  effective  in 
causing  motion  down  the  plane,  mg  being  represented  by 
the  vertical  barbed  line,  the  value  of  the  components  parallel 
and  perpendicular  to  the  plane  can  be  found  by  drawing 
lines  in  these  directions  so  as  to  represent,  with  the  vertical 
line,  a  triangle  of  forces.  The  angles  of  this  triangle  are 
equal  to  those  of  the  triangle  ABC,  the  angle  at  C  being  a 
right-angle.  It  is  easily  seen  that  the  components  parallel 
and  perpendicular  to  the  plane  are  mg  sin  0  and  mg  cos  0 
respectively.  The  latter  is  effective  only  in  causing  a  pressure 
between  the  body  and  the  plane ;  it  takes  no  part  in  helping 
the  motion.  Sin  0  can  easily  be  determined  by  measuring 
B  C  and  A  B  and  taking  their  ratio ;  g  has  already  been  deter- 
mined by  means  of  the  pendulum.  Thus  the  force  mg  sin  0 
which  produces  the  acceleration  down  the  plane  can  be 
determined.  Compare  this  value  with  that  already  obtained. 
It  is  not  to  be  expected  that  the  two  values  will  exactly 
coincide.  The  second  method  (assuming,  of  course,  that  no 
error  has  been  made  in  the  determination  of  g)  gives  the  actual 
force  acting  on  the  body,  due  to  its  weight,  parallel  to  the 
plane.  But  the  first  method  gives  the  mass  x  acceleration, 
and  this  product  is  equal  to  the  above  force  less  the  resistance 
due  to  friction,  etc.  Thus  the  two  results  will  only  be  equal 
if  the  resistance  be  zero.  This  will  not  be  so  in  any  actual 
case.  Let  the  resistance  to  motion  experienced  by  the  body 
be  denoted  by  F,  the  direction  of  which  lies  along  the  plane 
in  the  sense  opposite  to  the  motion.  Then  the  force  pro- 
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ducing  motion  will  be  not  mg  sin  6,  but  mg  sin  6  —  F,  and 
the  true  equation  of  motion  will  be 

-       2ms 
mg  sin  6  —  F  =  -jj-. 

To  investigate  more  fully  the  frictional  resistance,  take  a 

in  which  it  is  more  pronounced — substitute  a  wooden 

block  for  the  trolley,  and  attach  a  light  pulley  to  the  plane, 

which  a  thread,  fastened  to  the  block,  and  carrying  a 

pan  at  its  other  end,  may  pass.     Perform  the  following 

riments  on 

Friction 

First  set  the  plane  horizontally,  and  arrange  block,  thread, 
and  scale  pan  as  shown  in  Fig.  29.     Weigh  the  block  and  the 


FIG.  29. 

I  adjust  weights  in  the  latter  till,  on  bring  giv 
with  the  finger,  the  block  moves  uniformly  along  tlu 
plant   without  acceleration.    The  force  acting  on  the  block 
in  th«-  duvet  ion  of  motion  is  equal  to  the  weight  hanging  by 
.d  ;    and  this  force,  say  P,  must  be  equal  to  the 
stance  /;  ;  if  it  were  greater  th.-  velocity  of  tin- 
block  would  increase,  and  if  it  were  less  the  block  would  come 
have  P  —  F.    Now,  the  law  of  friction 
I  case  states  that  /•  i-  proportional  to  the 
with  uln«  h  the  block  d  en  t«»  the  plain-,  which, 

plan.-  ;  -^ual  to  W,  the  weight  of 

the  bkx  k.     1  hn  or  F  =  v  ir  where  |i  b  a  ooo 

1   tin-  (  •  •  :ig  on   th<-  nature 

\\V  have  th.-n 

p  =  nir. 

of      can  be  obtained.    Add  dm 
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weights  to  the  block  and  readjust  P  in  each  case  so  as  to 
obtain  several  determinations  of  \L. 

Next  set  the  plane  to  an  angle  6  with  the  horizontal,  and 
adjust  P  so  that,  on  being  given  a  start,  the  body  slides 
uniformly  up  the  plane.  Here  (see  Fig.  30)  the  component  R 


FIG.  30. 


of  the  weight  W  represents  the  force  pressing  the  surfaces 
together  ;  thus  we  have  F  =  \L  R  in  this  case.  The  compo- 
nent S  acts  on  the  block  parallel  to  the  plane,  and  opposes  P. 
F  also  opposes  P ;  therefore  we  must  have  P  =  F  -f  S.  But 

R  =  W  cos  6         5  =  W  sin  6, 
thus  the  equation  F  =  y.  R,   or  P  —  S  =  y.  R   becomes 

p  _  w  sin  0  =  n  W  cos  6, 

from  which  ^  may  be  obtained  ;  sin  6  and  cos  0  being 
determined  as  in  the  previous  experiment  with  the  inclined 
plane. 

Lastly,  remove  the  thread,  and  adjust  the  inclination  till 
the  block,  on  being  given  a  start,  slides  uniformly  down  the 
plane.  Here  F  acts  in  opposition  to  the  motion,  as  shown 
in  Fig.  31.  The  only  force  acting  down  the  plane  is  the 
component  S  of  the  weight  of  the  block.  Thus  we  have 
S  =  F,  that  is,  W  sin  9  =  F.  But  as  before  F  =  n  R  or 
F  =  p  W  cos  9,  and  therefore  W  sin  9  =  (JL  W  cos  9  or 

\j.  =  tan  9. 
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The  fact  that  the  weight  W  has  disappeared  from  the  equation 
indicates  that  the  angle  9  is  independent  of  the  weight.  Test 
this  by  adding  weights  to  the  block  and  repeating  the  observa- 
tions. 9  is  called  the  Angle  of  Friction. 


Now  to  return  to  the  experiment  with  the  trolley.     Two 

Oft  is 

Donations  were  made — of  mg  sin  0,  and  of     a    respec- 

equation  of  motion  was  found  to  be 

_      2ms 
mg  sin  0  —  F  =  -^p, 

the   value  of  F  could  be  obtained.      i 
\ever,  to  determine  F  experimentally  ;  and  the 
:it,  on  the  angle  of  friction,  indicates  the  method 
of  d<  /•"  =  jx  R,  and  A  varies  with  the  inclma- 

-being  equal  to  mg  times  the  cosine  of  the  angle  of 
nation — we  must  not  confuse  the  F's  of  the  two  cases. 
1  if  we  find  IJL  for  the  trolley  by  the  angle 
fiction   in- thod,  we  can   thru   find   F  for   the  original 
•  m  0  by  writing 

F  =  |A  mg  cos  0. 

'Ihu-  let  9  be  the  new  inclination  of  the  plane,  su<  h 
onb.  tart,  tli«-  tioll.-v  moves  with  uniform  velocity 
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i  9,  and  co] 
mg  sin  0  —  F  = 


down  it.    Then  ^  =  tan  <p,  and  consequently  the  equation 

2ms 


or  mg  sin  6  —  JA  mg  cos  6  =  -— 

becomes  mg  sin  6— tan  9  mg  cos  0  =  —^ , 

25 

or  g  (sin  0  —  tan  9  cos  0)  =  -%•. 

Take  several  values  of  0,  and  observe  corresponding  values 
of  s  and  t,  and  substitute  in  each  case  in  the  equation.  Or 
rearrange  the  equation  thus  : 

2S01 

sin  0  —  tan  9  cos  0 

and  obtain  a  value  for  g  for  each  set  of  observations  of  s  and  t. 
In  this  last  form  the  experiment  furnishes  a  means  of 
determining  the  value  of  g,  alternative  to  that  of  the  simple 
pendulum. 


EXPERIMENTS  ON  AIR 
BAROMETER  AND  THERMOMKTKK 

THK  luight  of  the  barometer,  as   actually  observed, 
depends  not  only  on  the  pressure  of  the  atmosphere, 
but  on  the   temperature  of  the  barometer  itself. 
This  is  because  the  density  of  the  mercury  and  also  the 
length  of  the  scale  attached  to  the  instrument  vary  with 
temperature.     But  if,  the  pressure  remaining  the  same,  the 
temperature  were   reduced   to  o°  C.,    the  observed  height 
would  be  correct,  for  then  the  mercury  would  be  at  the 
definite  density  which  is  always  assumed  in  such  determina- 
tions, and  the  scale  should  also  be  correct.     Now,  pressure 
due  to  a  column  of  mercury  of  density  p  is  ghp   (in  dynes 
per  sq.  cm.).     If  the  density  were  p0  and  the  corresponding 
tit  /i0  tin*  pressure  (remaining  the  same)  would  be  given 

by  s  ho  PO-  Tnus 

h0  p0  =  h  p  or  h0  =  h —  . 
Po 

If  then  p0  and  /;0  correspond  to  o°  C.,  and  p  and  /*  to  t he- 
actual  temperature  /  of  the  barometer,  it  is  necessary  to 

P  i 

multiply  the  reading  h  by  —,   which   is   equal  to  -         — . 

Po 

c  m  is  the  coefficient  of  cubical  expansion  of  mercury. 

corrects  the  height  to  the  value  it  would  have  at  o°  C.  so 

is  the  mercury  is  concerned  ;  but  the  correction  for  the 
scale  is  also  necessary.  Now  the  length  of  any  part  of  the 
scaleaU°C.i-  rue  length  of  tli.n  partat  o°C.as  I  +  It 

is  to  i,  wh.-iv  /  is  the  coefficient  of  linear  expansion  of  the 
material,  probably  brass,  of  which  the  scale  is  made.     The 
must  be  increased  in  this  proportion,  for  evidently 
if  the  scale  becomes  n  times  too  long  its  reading  will  be  n 

-  too  short,  and  must   therefore  he  iimvasrtl  n  t 
If  then  7/0  ivpn-M-nts  tin-  finally  corrc<  tit,  IW  have 

//.  =  (i  +  ft)*. 

and  therefore 

«.=,',':'> 
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In  order  then  to  be  able  to  obtain  a  correct  value  for  HQ  we 
need  a  reliable  thermometer  for  determining  t.  Most  ordinary 
thermometers  are  somewhat  inaccurate  and  require  correction. 
The  errors  of  the  graduations  o°  and  100°  should  be  determined, 
the  first  by  standing  the  thermometer  in  pounded  ice  moistened 
with  distilled  water  for  10  or  15  minutes  and  noting  the 
reading ;  the  second  by  supporting  the  thermometer  in  the 
steam  of  boiling  water  in  a  steam- jacketed  vessel  called  a 
hypsometer,  noting  the  reading,  and  comparing  this  with  the 
temperature — determined  from  tables — of  boiling  at  the 
particular  pressure  of  the  atmosphere  at  the  time  of  the 
experiment :  this  to  be  obtained  by  reading  the  barometer. 

We  are  evidently  in  a  "  vicious  circle,"  for  it  appears  that 
we  cannot  correct  the  barometer  till  the  thermometer  has 
been  corrected,  and  for  this  purpose  we  need  the  corrected 
reading  of  the  barometer.  Such  cases  sometimes  occur, 
and  the  general  procedure  is  to  arrive  at  a  sufficiently  accurate 
result  by  a  series  of  successive  approximations.  We  might, 
for  example,  assume  the  thermometer  reading  to  be  approxi- 
mately correct,  use  it  to  correct  the  barometer,  use  this  to 
correct  the  thermometer,  then  use  the  corrected  thermometer 
to  re-correct  the  barometer,  and  so  on  as  often  as  thought 
necessary.  An  extra  complication  would  arise  in  this  case, 
since  the  barometer  would  be  continually  varying.  Fortu- 
nately, however,  no  such  complicated  process  is  necessary  in 
our  case.  A  simple  numerical  calculation  will  show  that  a 
slight  error  in  t  in  the  equation  for  the  corrected  height  of 
the  barometer  will  produce  only  a  quite  negligible  error  in  H0. 
So  any  fairly  good  thermometer  may  be  used  for  the  correc- 
tion of  the  barometer  reading,  and  the  result  may  safely 
be  employed  in  the  correction  of  the  same  or  another 
thermometer,  which  should  then  be  kept  and  used  for 
subsequent  experiments. 

A  graph  should  be  made  by  which  true  temperatures  can 
be  deduced  from  readings  of  the  thermometer  (Fig.  32). 
Suppose  in  melting  ice  the  reading  was  — 1°  C.  To  get  the 
correct  temperature,  o°  C.,  it  is  necessary  to  add  i°  to  the 
reading.  This  addition  to  the  reading  is  called  the  correction. 
On  the  horizontal  axis  of  the  diagram,  which  represents 
readings,  mark  the  point  — 1°  and  set  up  vertically  the 
correction  for  that  reading,  i.e.,  set  up  an  ordinate  i°  in 
length  to  some  scale.  The  scale  for  the  ordinates  must  be 
larger  than  that  used  for  the  horizontal  measurements. 
Also  suppose  the  steam  reading  to  be  99.9°  while  the  true 
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temperature  of  the  steam  is  99.4°.  The  correction  to  be 
added  to  the  reading  is  —0.5°.  Plot  this  value  below  the 
point  representing  the  reading.  Join  the  two  points  obtained 
by  a  straight  line.  This  will  show  the  amount  to  be  added 


99-9' 


I     (/ 


100' 


-10' 


FIG.  32. 


32 


to  or  subtracted  from  any  reading.     It   assumes  that  the 
bore  of  the  tube  is  uniform  and  that  the  degree  marks  are 
equally  spaced.     In  future,  whenever  the  thermometer  is 
used,  always  apply  the  necessary  correction 
as  shown  by  the  graph.     If  a  second  ther- 
mometer be  required   in  any   experiment, 
compare  it  with  the  first  by  immersing  both 
in  the  same  bath  of  water  and  noting  any 

rcnce    between    the    readings    at   the 

erature  of  the  bath.  A  comparison 
at  two  temperatures  may  be  necessary  in 
some  cases.  From  these  a  correction  curve 
could  be  drawn  for  the  second  thermometer. 
[A"o/<:  on  the  Vernier.  The  barometer 
vernier  will  probably  be  of  the  type  which 

I  to  yfaj  of  an  inch.     Starting  with  the 

of  the  v<  i  definite  inch  mark, 

o  as  to  bring  the  first  small  divi 

i   the   zero)  of  the  vernier  into  coin- 
cidence with  a  scale  division.     Tin-  v.  mi< T 
has  moved  4-foj  inch,  for  25  such  steps  would 
involve  a  movement  of  2'.  inch,  or  our  small 
le  division.     ]  D  ra-ilv   be 


31 


SO 


with    the    actual    instrument.     Now  5  steps    similar 
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to  the  above  would  involve  a  motion  of  -5^,  or  .01  inch. 
This  would  bring  the  division  marked  I  on  the  vernier  into 
coincidence.  The  reading  of  the  vernier  in  Fig.  33  is  30.494  in. 
The  scale  reading  next  below  the  vernier  zero  is  30.45  and  the 
vernier  reading  to  be  added,  due  to  the  distance  the  vernier 
has  moved  since  its  zero  was  at  30.45,  is  0.44 — that  is, 
.04  for  the  4  numbered  divisions,  and  4  in  the  next  place 
of  decimals  for  the  two  odd  divisions  between  4  and  5. 
All  verniers  may  be  investigated  by  noting  the  number  of 
small  steps  which  it  is  necessary  to  move  the  vernier  while 
its  zero  moves  from  one  small  division  of  the  scale  to  the 
next.  Each  of  these  small  steps  corresponds  to  a  change 
of  the  coincidence  from*  one  small  vernier  division  to  the 
next.] 

PV 
THE  GAS  LAW,  -^-  =  constant. 

P  =  pressure,    V  =  volume,    and    T  =  absolute  tempera- 
ture of  any  given  quantity  of  gas  or  air. 

I.     Verification  of  Boyle's  Law.    PV— constant  for-  constant 
temperature. 
Use  an  apparatus  such  as  that  illustrated  in  Fig.  34. 


B 


FIG.  34. 
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A  uniform  glass  tube  closed  at  one  end  and  containing  dry  air 
is  fixed  vertically  beside  a  scale,  and  is  connected  by  a  rubber 
tube  to  a  reservoir,  open  to  the  air,  which  can  be  raised  and 
lowered  by  means  of  a  slide  to  which  it  is  attached.  The 
reservoir  and  the  lower  part  of  the  glass  tube,  together  with 
the  rubber  tube,  contain  air-free  mercury.  The  slide  is  placed 
so  that  the  level  of  the  mercury  in  the  reservoir  can  be  read 
on  the  scale.  The  volume  V  of  the  air  in  the  tube  is  taken 
to  be  proportional  to  the  length,  say  L,  of  the  tube  which  it 
occupies  ;  and  the  pressure  in  cms.  of  mercury,  which  may, 
if  desired,  be  corrected  to  o°  C.,  is  obtained  as  follows. 
Imagine  the  atmosphere,  which  exerts  a  pressure  on  the 
surface  of  the  mercury  in  the  reservoir,  to  be  removed,  and 
replaced  by  a  column  of  mercury  equal  in  height  to  the  height 
of  the  barometer.  Then  the  pressure  in  the  air  tube  is  given 
by  the  difference  between  the  level  of  the  top  of  this  column 
and  the  level  of  the  mercury  in  the  air  tube. 

Show  that  PL  is  constant  for  several  positions  of  the 
reservoir,  some  of  them  giving  a  pressure  greater  than  that 
of  the  atmosphere,  and  some  less.  If  PL  be  constant, 
evidently  PV  is  constant  also.  Variations  of  temperature 
durii  \periment  will  affect  the  result,  and  should  be 

avoid 

II.  Determination  of  the  "  Pressure  Coefficient  "  for  Air. 
This  is  the  coefficient  of  increase  of  pressure  of  air  with  rise 
of  temperature,  the  volume  being  kept  constant.  Since  V 

p 
is  constant,      must  also  be  constant  ;  thus  if  P0.  T0  denote 

pressure  and  absolute  temperature  at  o°C.,  and  P,  T  at  t°C., 

P      P  T 

we  have  ^=     °   th.-rcfore  P  =  P0  / 

*  1  0  l  0 


O 

fore  P  =  P0(i    \    lT 

Tlui<         tak'-s  the  same  pla«-  in  this  rxpn-^ion  for  pressure 

•  o 

as  the  coefficient  of  o\  ;sion  for  length  CM 

volume  of  .1  body  undergo;  •  D  with  rise  of  tern; 

ture.     It   U   •  •  t   iv<]iihv<l.     I  is  value  is 

approximately  ^¥  for  TQ;  the  absolut  itureof  0°  C. 
•ut  273°. 
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To  obtain  the  coefficient  experimentally,  use  an  apparatus 
like  that  of  Fig.  34,  in  which  the  Boyle's  law  tube  is  replaced 
by  the  bulb  B  with  its  tube.  B  contains  dry  air,  and  the 
mercury  level  is  to  be  adjusted  always  to  a  mark  X  just  below 
the  narrowing  of  the  tube  as  shown.  The  bulb  is  to  be 
immersed  in  a  mixture  of  ice  and  distilled  water,  giving  a 
temperature  of  o°  C.,  and  the  position  of  the  mercury  in  the 
reservoir  observed  after  the  adjustment  at  X  is  made.  The 
pressure  is  then  to  be  found  as  in  the  last  experiment. 
The  bulb  must  then  be  immersed  in  baths,  well  stirred,  of 
different  temperatures,  and  the  corresponding  values  of  P 
obtained.  These  must  be  plotted  on  a  diagram  to  a  tempera- 
ture basis,  absolute  or  centigrade,  and  a  straight  line  drawn 
as  evenly  as  possible  among  the  points,  as  in  Fig.  35.  The 
values  of  P0  and  P100  can 
then  be  obtained  from  the 
points  where  this  line  cuts 
ordinates  at  0°  and  100°. 
This  method  tends  to  elim- 
inate experimental  errors. 
All  the  observations  are 
utilized,  and  the  straight 
line  is  a  kind  of  com- 
promise between  them, 
and  values  of  particular 
ordinates  should  be  taken 
by  reference  to  this  line 
rather  than  to  the  actual 
points  obtained  experimentally. 


.Pi, 


O'C 


100-C 


FIG.  35. 

This    method    of 
experimental  results  is  of  very  wide  application. 


using 


Now  P100  =  P0  (i  +  p  100°),  where  p  is  really  •=-  the 

•  o 


pressure  coefficient. 


Thus 

j,          -^100  ~~ 


ioo 


The  value  of  ro  can,  of  course,  be  obtained,  and  hence  the 
position  of  the  absolute  zero  of  temperature,  which  is  T0 
degrees  below  o°  C.  The  graph  could  be  continued  towards 
the  left,  in  which  case  the  pressure  line  would  cut  the  tempera- 
ture axis  at  the  absolute  zero. 
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CONSTANT  VOLUME  AIR  THERMOMETER 

The  apparatus  used  in  the  last  experiment  may  also  be  used 
as  a  constant  volume  air  thermometer.  Pressures  will  be 
read  as  before,  including  pressure  of  the  atmosphere  in  each 
case,  the  level  of  mercury  being  adjusted  to  the  fixed  mark. 
The  temperature  of  the  air  in  the  bulb,  or  of  the  (well  stirred) 
bath  in  which  the  bulb  is  immersed  being  t°  C.,  we  have 


p  _  p 

therefore  t  =  —  n    .°. 

^oP 

If  the  apparatus  is  to  be  used  as  a  thermometer  for  measuring 
/  of  the  bath,  it  is  necessary  to  know  P0,  p,  and  P.  Of  these, 
p  has  already  been  found  once  for  all,  and  the  value  will 
serve  for  any  similar  apparatus.  But  P0  would  vary  from 
apparatus  to  apparatus,  and  for  the  same  apparatus,  if  the 
quantity  of  air  in  the  bulb  were  changed.  P0  should  therefore 
be  determined  by  using  a  bath  of  pounded  ice  and  distilled 
water.  Then,  so  long  as  no  change  is  made  in  the  apparatus, 
this  value  can  be  used. 

Immerse  the  bulb  in  a  bath  of  unknown  temperature. 
Find  P  and  calculate  t.  Check  by  testing  the  bath  with  the 
corrected  mercury  thermometer.  Do  this  for  several  different 
arbitrary  temperatures.  Slight  differences  will,  no  doubt, 
be  evident,  as  several  small  sources  of  error  exist  with  which 
we  have  not  dealt.  The  value  of  the  checking  is  perhaps 
more  apparent  than  real,  since  the  mercury  thermometer 
was  employed  in  the  experiment  for  determination  of  p.  But 

ist  it  will  show  whether  the  operations  have  been  accu- 
rately carried  out.    The  elimination  of  some  of  the  sources 

:  or  might  form  a  suitable  exercise  for  specially  proficient 
students  ;  this   applies   also   to   many  of   the   experiments 

ibcd  in  this  book. 


GROUP  EXPERIMENT 

IN  this  section  we  take,  as  an  illustration  of  the  group 
experiment,  the  determination  of  several  properties  of 
a  solution  and  the  variation  of  these  with  concentra- 
tion. The  solution  may  be  one  of  common  salt,  and  the 
properties  chosen,  Density,  Surface  Tension,  Boiling  Point, 
Specific  Heat,  and  Refractive  Index.  Each  member  of  the 
class  makes  the  determinations  for  a  particular  concentration 
of  the  solution,  and  the  results  are  finally  collected  and 
plotted,  each  student  supplying  one  point  for  each  curve. 
It  is  not  at  all  necessary  that  the  various  determinations 
should  be  made  in  the  same  part  of  the  session.  Each 
member  having  made  up  a  stock  of  solution  of  the  required 
strength  may  make  the  several  experiments  whenever  the 
subject  concerned  is  dealt  with  in  the  course.  They  are 
gathered  together  here  for  convenience. 

First,  then,  the  concentrations,  in  grms.  per  litre,  should  be 
fixed  so  as  to  range  from  pure  water  (distilled,  of  course)  to 
a  concentration  approaching  saturation  at  ordinary  tempera- 
tures. Each  student  should  make  up  a  large  bottle  full  as 
accurately  as  possible.  No  used  solution  should  be  returned 
to  the  bottle.  The  temperature  of  the  solution  should  be 
recorded  whenever  it  is  used. 


DENSITY 

First  find  the  relative  density  of  the  liquid,  that  is,  the 

,.     density  of  liquid      T, 

ratio  j  — -c —     — .     It  may  be  converted  into  density 

density  of  water 

of  the  liquid  by  multiplying  by  the  density  of  water,  as 
determined  from  the  tables,  the  temperature  of  the  experiment 
being  noted.  Now 

density  of  liquid  _  mass  of  given  volume  of  liquid 

density  of  water      mass  of  equal  volume  of  water' 

so    we    need    to    find    the   masses    of    equal    volumes    of 

liquid  and  water.     Use  the  common  balance — the  method 

98 


GROUP  EXPERIMENT  99 

of  using  this  must  be  learned  in  the  laboratory.*  It  is  an 
instrument  for  the  determination  of  mass  by  comparison 
with  a  series  of  standard  masses.  In  reality  it  balances  the 
weight  of  a  body  with  that  of  the  corresponding  standard 
masses,  but  while  it  tells  us  when  the  weights  are  equal, 
it  does  not  tell  us  what  either  weight  is.  If  we  took  the 
apparatus  to  a  place  where  gravity  exerted  only  half  the  force, 
so  that  both  weights  were  halved,  it  would  still  balance. 
But  since  at  any  particular  locality,  say  the  balance  room, 
mass  is  proportional  to  weight,  and  the  weights  are  equal, 
it  follows  that  the  masses  must  be  equal,  and  we  know  the 
mass  of  the  standard  (which  is  not  affected  by  change  of 
locality).  Thus  we  determine  the  mass  of  a  body  by  means 
of  the  balance.  The  operation,  unfortunately,  is  termed 
"  weighing." 

"  Weigh,"  then,  a  density  bottle  (a)  dry,  (b)  full  of  the 
liquid,  and  (c)  full  of  distilled  water.  Subtract  (a)  from  (b) 
and  from  (c),  and  take  the  required  ratio.  Multiply  this  by 
the  density  of  water  at  the  temperature  of  the  experiment. 

Again,  suspend  a  heavy  solid  by  a  fine  thread  from  the 
balance  ;  (a)  weigh  it  ;  (b)  allow  it  to  dip  into  a  beaker  of 
the  liquid  ;  weigh  ;  (c)  do  the  same,  using  distilled  water 
instead  of  the  liquid.  In  (b)  the  upthrust  of  the  liquid  is  a 
force  equal  to  the  weight  of  liquid  displaced,  so  the  body 
seems  to  weigh  less  by  the  weight  of  its  volume  of  liquid. 
The  standard  masses  which  have  to  be  removed  equal  the 
of  this  volume  of  liquid.  So  the  mass  of  a  volume  of 
liquid  equal  to  the  volume  of  the  solid  is  determined.  Deter- 
mine also  (a)  —  (c),  the  mass  of  this  same  volume  of  water, 
and  proceed  as  before  to  calculate  the  density  of  the  liquid. 


SURFACE  TENSION 

Tin-  height  to  which  a  liquid  (which  wets  glass)  rises  in  a 
<  .ipillary  tube  dipped  into  a  vessel  of  the  liquid  depends  on 
urface  tension  T,  the  radius  of  the  tube  r,  and  on  the 
it  of  unit  volume  of  the  liquid,  which  is  p  g,  where  p  = 
;  ty    and    g  =  acceleration    of   gravity.     Upward    ! 
(In.-  t«i  surface  t'-n-i..n  =  2nrT ;  weight  of  liquid  supported 
by  this  force  =  rt  r1  h  p  g,  therefore 

T  =  — 2P ^  (in  dynes  per  cm.). 
•  But  see  Appendix  B. 


100  PHYSICS 

To  find  T,  then,  by  this  method,  we  require  to  know  r,  h, 
P,  and  g ;  g  we  take  as  981  cms.  per  sec.  per  sec.  ;  p  has  already 
been  determined.  The  radius  of  the  bore  of  the  tube  r 
must  be  found,  and  also  the  height  h  to  which  the  liquid  rises 
in  it. 

Bore  of  Tube.  Strictly,  the  radius  is  required  at  the  point 
to  which  the  liquid  rises — and  the  bore  may  not  be  uniform. 
To  test  this,  a  thread  of  mercury  a  couple  of  cms.  long  may 
be  run  into,  and  measured  in  various  parts  of,  the  tube 
by  means  of  a  reading  microscope.  (It  is  not  worth  while 
to  describe  such  instruments  here ;  their  use  must  be  learned 
in  the  laboratory.)  If  its  length  be  constant,  the  tube  may 
be  taken  as  having  uniform  bore.  The  bore  can  be  determined 
by  measuring  a  long  thread  of  mercury  in  the  tube,  and  then 
running  out  and  weighing  it  in  a  small  weighed  beaker. 
Since  its  density  is  known,  and  equals  its  mass  -=-  volume, 
its  volume  can  be  obtained,  that  is,  the  volume  of  a  known 
length  of  tube,  hence  radius  of  tube. 

Rise  in  Tube.  Attach  the  tube  to  a  glass  scale  by  a  clip. 
Dip  into  a  beaker  of  the  liquid  till  the  tube  is  wetted  well 
above  the  place  where  the  liquid  will  finally  stand.  Fix  in 
a  support.  A  little  sliding  pointer  clipped  on  to  the  scale 
will  give  the  exact  level  of  the  liquid  in  the  beaker.  It  must 
stand  well  clear  of  the  curved  surface  of  the  liquid  near  the 
scale.  (See  Fig.  36.)  Note  the  scale  reading  of  the  top  of  the 
liquid  column,  holding  the  eye  as  nearly  as  possible  on  the 
same  level  as  the  top  of  the  column.  If  thought  necessary 
a  card  may  be  set  up  in  a  stand  in  front  of  the  apparatus  with 
its  upper  edge  at  nearly  the  same  height  above  the  bench  as 
the  column.  Observe  just  over  the  edge  of  the  card.  Remove 
the  scale  and  its  attachments  from  the  liquid,  taking  care  not 
to  alter  the  position  of  the  pointer  on  the  scale.  Observe 
the  reading  of  end  of  pointer  on  the  scale,  so  placing  the  eye 
that  the  pointer  and  its  reflection  in  the  glass  of  the  scale  are 
in  the  line  of  sight.  The  correct  reading  will  thus  be  obtained. 
If  the  image  be  not  clearly  visible,  hold  a  small  piece  of  mirror 
in  contact  with  back  of  scale,  having  carefully  dried  the 
latter  if  necessary.  Try  a  rough  experiment  first,  in  order 
to  find  out  any  difficulties  which  may  arise.  Very  poor 
results  are  often  obtained,  the  chief  reason  being  that  the 
slightest  trace  of  grease  on  the  surface  of  the  liquid  completely 
alters  the  value  of  T.  Contamination  of  the  tube  also  prevents 
the  surface  from  taking  up  its  correct  position.  Any  grease 
present  forms  a  film  on  the  surface  of  the  solution.  If  tube, 
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scale,  beaker,  and  bottles  in  which  the  solution  was  mixed 
or  kept  \\vre  not  thoroughly  cleaned,  bad  values  of  T  are 
certain.  At  least,  the  T  found  will  not  be  that  of  the  solution. 


FIG.  36. 

Before  the  experiment  see  that  the  liquid  maintains  its 
height  h  while  the  tube  is  raised  and  lowered  in  the  solution. 
If  it  sticks,  clean  the  tube  again. 


BOILING  POINT 

a  llask  witli  cork,  outlet  tube,  and  ihenimmei. 
the  temp  f  the  boiling  liquid,  the  bulb  of  the  ther- 

mometi-r  1,,-ing  immersed  in  the  liquid.  Also  take  the 
tern;  ipour  above  the  liquid.  the 

liquid  by  distilled  water,  and  repeat.  Suppose  the  tempera- 
tun  taken  in  the  steam  over  the  distill,  d  water  to  be  99.5°  C., 
the  barometer-being  rather  low.  Aeon  i<dto 

ill-'  temp,  ratare  n 

pheric    pressuie.     This    same    rorrection    should    be    add- d 
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to  all  the  other  temperatures  taken,  and  the  results  will  be 
sufficiently  near  to  the  correct  values  for  standard  pressure 
for  all  practical  purposes.  Each  of  these  temperatures  may 
be  plotted  on  the  final  Boiling  Point  diagram.  As  boiling 
proceeds,  the  concentration  of  the  solution  will  increase,  so 
the  determinations  should  be  taken  as  quickly  as  possible. 
A  condenser  fitted  to  the  outlet  pipe  would  improve  matters. 
But  in  elementary  work  we  often  have  to  content  ourselves 
with  knowing  how  matters  could  be  improved. 


SPECIFIC  HEAT 

I.  Method  of  Mixtures.  If  substances  at  different  tempera- 
ture be  mixed  till  a  uniform  temperature  is  obtained,  no 
chemical  action  or  change  of  state  taking  place,  each  sub- 
stance gains  or  loses  a  number  of  calories  equal  to  the  product 
of  its  mass,  its  specific  heat,  and  its  change  of  temperature. 
Thus  an  equation  (total  calories  lost  =  total  calories  gained) 
can  be  formed,  having  on  one  side  all  such  products  for  the 
substances  which  lose  heat,  and  on  the  other  the  products 
for  those  which  gain  heat.  This  assumes  no  loss  of  heat 
during  the  mixing.  In  practice,  the  substances  or  bodies 
gaining  heat  are  generally  a  thin  copper  vessel  called  a  calori- 
meter, water  or  other  liquid  contained  in  it,  a  stirrer  and 
thermometer,  the  whole  being  at  the  same  initial  temperature. 
The  substance  losing  heat  is  first  raised  to  a  higher  temperature 
and  then  passed  into  the  liquid  in  the  calorimeter,  and  stirred 
up  till  the  liquid  reaches  a  maximum  temperature.  Let 
suffixes  H,  L,  C,  T,  Q  denote  the  heated  substance,  the  liquid, 
the  calorimeter,  the  thermometer,  and  the  stirrer ;  M,  S 
mass  and  specific  heat ;  and  tv  t2,  t3  the  initial  .temperature 
of  H,  the  initial  temperature  of  the  calorimeter  and  its  contents, 
and  the  final  temperature  of  the  whole.  Our  equation  written 
at  length  would  be  (where  MH  =  mass  of  substance  H  and 
so  on)  : 
MHSn  (/1-/8)=AfLSL  (t3-t2)+McSc  (t3- 

+MQSQ  (*3- 
=MLSL  (;3-/2)  +  (McSc 
Although  masses  and  temperature  could  easily  be  found, 
it  is  clear  that  too  many  unknown  specific  heats  occur  in  this 
equation  for  any  practical  use  to  be  made  of  it  as  it  stands. 
If,  however,  in  a  preliminary  experiment  we  let  H  and  L 
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both  be  water,  whose  specific  heat  is  unity,  we  can  write, 
using  \Vj  and  \Y2  instead  of  H  and  L. 

U    i  Ci-'a)  -  JAv2  (<3-<2)    +  (McSc  +  MTST  +  M 

&-*•), 

and  now  the  only  unknown  is  (AfcSc  +  AfTST  +  AfQSQ), 
which  can  therefore  be  found.  Let  it  be  determined  once  for 
all,  and  called  E.  Note  that  it  is  a  constant ;  it  remains  the 
same  throughout  all  the  experiments.  Now  our  original 
equation  may  be  written 

MHSn  (/j-/,)  =  (ML5L  +  E)  (/3-/J. 

If  one  of  the  two  specific  heats  SH  or  5L  be  known,  an  experi- 
ment will  furnish  us  with  the  other.  Let  H  be  a  solid  say, 
and  L  water,  then  S}{  can  evidently  be  obtained.  Then  this 
solid  can  be  used  with  another  liquid  L  in  the  calorimeter, 
and  the  specific  heat  of  this  determined.  This  method  is  to 
be  used  for  the  salt  solution. 

If  the  liquid  in  the  calorimeter  be  water,  we  have  on  the 
right  hand  side  of  the  last  equation  the  sum  of  the  mass  of  the 
water  in  the  calorimeter*  and  the  quantity  E.  In  fact,  the 
calorimeter,  thermometer,  and  stirrer  are  equivalent  in  this 
equation  to  E  grms.  of  water.  For  this  reason  E  is  called  the 
water  equivalent  of  the  calorimeter,  thermometer,  and  stinvr. 

In  practice,  a  suitable  steam  heater  is  used  for  solid 
substances,  such  as  that  shown  in  Fig.  37.  The  thermom*  tt  i 
indicates  the  temperature  /r  Steam  is  passed  till  the  solid 
is  heated  uniformly  throughout.  The  lower  cork  is  then 
removed,  and  the  calorimeter  brought  under  the  heau  T,  and 
th.  solid  lowrivd  into  it  by  means  of  a  thread  with  which  it 
has  been  suspended  in  the  heater.  The  contents  arc  stiind 
and  the  maximum  temp«Tatuiv  taken.  The  mass  of  the 
caloriinc1  \\-  and  with  liquid,  and  the  mass  of  the 

solid  nm-t  !><•  tak.-u  b.-foiv  br^innintf  tin-  a<  ni.d  ,  xp.-nmrnt. 
If  the  water  equivalent  has  not  been  deti •rmiiu -d.  look  up  the 
tic  heat  of  copper  in  the  tables  and  multiply  by  the  mass 
luiimrt.T   and  coppt  Tin-   tli«-nnon. 

hardly  be  taken  into  account  for  ordinary  work.     A  small 
correction  to   the  final   t< -mp« -rature  is  necessary  for 
accurate  woil  count  of  In  at   lost   during  mixing  by 

small  if  the  i-xprrim.  nt  be  done 
lh«-   solid    ^honld   br   in    tin-    form    of    • 

or  thin  itrip  loosely  rolled  together,  so  that  the  liquid  «  an 
quickly  tab-  up  th«-  i  1  so  give  little  time  for  loss  of 

*  Xunv  ricai;  ity. 
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heat.  Also  the  outside  of  the  calorimeter  should  be  polished 
to  minimize  radiation,  and  the  calorimeter  should  be 
suspended  by  threads  in  a  rather  larger  vessel  of  the  same 
shape,  for  protection  from  draughts,  etc. 


I 


FIG.  37. 


II.  Method  of  cooling.  Use  the  calorimeter  of  the  last 
method  in  its  outer  case.  The  mass  of  the  calorimeter  (i.e., 
the  inner  vessel  only)  empty  and  about  f  full  of  water  at 
about  50°  C.  must  be  determined.  (Make  this  determination 
after  cooling.)  A  card  cover  should  be  used,  through  which 
a  thermometer  and  stirrer  pass.  Keep  stirring,  and  note 
temperature  and  time  as  the  water  cools.  Plot  a  cooling  curve, 
Fig.  38.  Repeat,  using  the  same  volume  of  solution  instead  of 
water.  Plot  a  curve  on  the  same  diagram. 

Now,  heat  in  each  case  is  lost  by  radiation  from  the 
calorimeter.  The  heat  lost  per  sec.  depends  only  on  the 
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temperature  of  the  calorimeter  and  of  the  enclosure  in  which 
^uspended,  and  on  the  nature  and  area  of  the  radiating 
surface  of  the  calorimeter,  not  on  the  nature  of  the  liquid 
in  the  calorimeter.  But  the  total  quantity  of  heat  to  be  lost 
in  falling  say  from  50°  to  30°  differs  for  the  two  cases. 


Tima 


FIG.  38. 


:<ju!<l  h;i>  li.-ilf  as  many  calories  to  lose  in  falling 

he  water,  it  must  do  so  in  half  tin- 
loss  of  heat  per  sec.  is  the  same  at  any  part  of  the  range 
in  the  two  cases.    The  number  of  seconds  must  be  half.    So 

loss  of  heat,  in  case  of  liquid,  in  falling  through  given  range 
loss  of  heat,  in  case  of  water,  in  falling  through  same  range 
_timc  for  liquid  to  fall  through  given  range 
time  for  water  to  fall  through  same  range* 
tli.   tun  i  fn.m  the  curves,  for  several  equal  ranges  of 
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temperature,  e.g.,  the  ranges  indicated  by  brackets  in  the 
diagram.  The  time  intervals  can  be  read  off  along  the  time 
axis  of  the  diagram  for  each  liquid.  Those  for  the  first  range 
are  shown  by  brackets  for  water  and  liquid. 

Now,  the  numerator  of  the  left  hand  side  of  above  equation 

is  really  ML5L   X   (fall   of  temperature)  -f-  E  x    (fall)  [the 

symbols  having  the  same  meanings  as  in  last  experiment], 

or  (AfL5L  +  E)  X  (fall),  and  the  denominator  is  (Afw  +  E)  X 

(fall).     If  tj,     be  the  times,  we  have,  since  "  fall  "    cancels, 

M,.5L  +  E  =  ^ 

Mw  +  E         tw 

whence  SL.  The  other  ranges  of  temperature  will  give 
alternative  values. 


REFRACTIVE  INDEX 
I.     By  Reading  Microscope.     The  refractive   index  ^  of 


the  liquid  is  equal  to 


real  depth 


of  an  object  in  the  liquid 


apparent  depth 

viewed  from  a  point  vertically  above.  Place  a  coin  in  a  glass 
vessel,  view  a  point  on  its  surface  by  microscope,  arranged 
vertically,  with  scale  also  vertical,  as  indicated  diagram- 
matically  in  Fig.  39.  Take  the 
reading.  Pour  in  the  liquid,  taking 
care  not  to  displace  the  coin,  and 
observe  the  image  of  the  mark,  and 
also  of  the  upper  surface  of  the  liquid, 
which  may  have  a  few  particles  of 
fine  cork  dust  scattered  on  it. 
From  the  three  readings  obtain 
the  ratio  for  p.  One  point  in 
connexion  with  the  use  of  the 
microscope  must  be  mentioned — 
the  image  thrown  by  the  object 
glass  must  coincide  exactly  with 
the  cross-wires  for  each  object 
viewed,  otherwise  the  distances 
measured,  i.e.,  distances  through 
which  the  microscope  is  raised, 
may  not  be  equal  to  the  distances 
between  the  positions  of  the  objects 
viewed.  To  ensure  this,  move  the  FIG,  39. 


0 
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eye  backwards  and  fonvards  across  the  eye-piece  as  far  as 
possible  without   losing  sight  of  the  image.      If  image  and 
wires  be  not  in  the  same  plane,  they   will   appear   to 
move    relatively   to  one   another    as   the    eye    is    moved. 
In    this  case   the    microscope  must   be  raised  or  lowered 
until    this  relative  motion  does   not    take  place.       In    the 
figure,     A     shows    correct    position 
of  microscope  and  B  incorrect.     (The 
final    image,    due    to   the  eye-piece 
of   the   microscope,    is   not    shown). 
Several  depths  of  liquid  should   be 
used,  but  note  that  with  a  very  small 
depth  experimental  error  will  greatly 
affect  the  result. 

II.  By  Critical  A  ngle  Method.  In 
this  method  a  narrow  beam  of  light 
passing  through  a  liquid  falls 
normally  on  a  small  air  cell,  com- 
posed of  two  plates  of  glass,  separated 
by  a  small  space,  and  sealed  water- 
tight round  the  edges.  The  cell  is 
connected  to  a  vertical  spindle,  to 
which  is  attached  a  pointer  which 
moves  over  a  horizontal  circular  scale. 
Light  enters  at  A  (Fig.  41)  and  reaches 
B.  The  cell  is  now  rotated 
till  the  light  is  completely  cut  off. 
It  i<  totally  reflected.  At  this  point 
read.  The  normal  to 

11.  if  it  exactly  coincided  with  the  beam  at  iii^t.  has  been 
•1  through  a  certain  angle,  say  0°.     But  it  may  not 


FIG.  40. 
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have  coincided  exactly — the  cell  was  only  set  perpendicular 
to  the  beam  by  guess.  But  now  move  the  cell  back  to  its 
original  position  and  through  this  to  a  position  at  which  the 
light  is  again  cut  off.  The  normal  is  now  6°  on  the  other  side 
of  the  beam.  Thus  the  total  travel  of  the  normal  is  exactly 
26°.  This  is,  of  course,  the  same  as  the  travel  of  the  pointer, 
whatever  the  relative  positions  of  pointer  and  normal  happen 
to  be.  Repeat  with  the  cell  about  180°  from  its  original 
position.  The  mean  of  the  two  values  for  20°  should  be  taken 
if  they  are  different.  They  probably  will  be  different  if  the 
spindle  is  not  exactly  in  the  centre  of  the  scale.  The  refrac- 
tive index  is 


sin  6 

III.    Spectrometer   Method,    using   hollow   prism.     See   a 
later  section  (p.  166). 


VIBRATION 

A    few    connected  experiments  illustrating  different  types 
of  vibration. 


T 


VIBRATION  OF  A  STRETCHED  STRING 

III-:    frequency   of    vibration    of    a   stretched    string 
sounding  its  fundamental  is  given  by  the  formula 


•*  — 

m 


where  n  =  frequency,  or  number  of  complete  vibrations  per 
second,  /  =  length  in  cms.,  T  —  tension  in  dynes  and  m  — 
mass  in  grms.  per  cm.  length.  The  sonometer,  illustrated 
in  Fig.  42,  is  a  stringed  apparatus  which  has  one  movable 


*-- i 


FIG.  \;. 

and  two  fixed  bridges,  a  wrest  pin  and  spring  balance,  the 
latter  for  indicating  the  tension  (which  must  be  converted  to 
dynes).    The  string  may  be  tuned  to  unison  with  a  tuning 
fork  by  altering  /  and  T  as  required, 
verify  the  above  formula,  show 

(a)    That  /  oc  -  (or  nl  =  constant),  when  T  and  m  are  kept 
n 

iant.     Do  this  by  tuning  to  unisnn  with  several  forks 
e  values  known.     Tune  by  altering  /  only,  by 

ns  of  the  movable  bridge.     Tabulate  nl  for  the  several 
cases.    The  values  should  be  identical. 
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(6)     That   ^/T  oc  n,  (or  -  =  constant)  when  /  and  m  are 
kept  constant.     Here,  alter  T  only,  by  means  of  the  wrest 

pin.     Keep  /  constant.      Tabulate  values  of     —  —  for  the 

different  cases. 

It  could  also  be  shown,  by  using  different  strings,  that 

yT 
—  when  /  is  kept  constant,  by  tuning  each  string,  by 

means  of  the  wrest  pin  only,  to  a  given  fork,  and  showing 

/T 

that     /  —  remained  always  the  same  whatever  the  value  of 
V    m 

m  might  be.     Perhaps  it  is  sufficient  to  know  that  this  could 
be  done. 
Supposing,    then,    that    we   have    verified    the    relation, 

i     /T 

n  oc  -      / 
/  V    m 

we  can  show  that  the  constant  2  in  the  denominator  of  the 
original  formula  is  correct  in  the  following  way.  Take  a 
single  fork  of  known  frequency  n,  and  obtain  several  values  of 


—  y—    (by  tuning  different  lengths  of   string  to  this  fork  by 
I 

means  of  the  wrest  pin),  and  take  the  mean  of  these  values. 
Then  weigh  a  length  of  the  string,  or  one  of  the  same  kind, 
to  get  m.  Put  this  in,  together  with  the  constant  2  and 

i       /f 
verify  that  ^y  ^/  —  actually  equals  the  known  frequency 

of  the  fork.  Assuming  the  truth  of  the  formula  for  future 
use,  we  can  then  find  the  frequency  of  any  fork  by  an  experi- 
ment similar  to  this  last  one. 


VIBRATION  OF  A  COLUMN  OF  AIR — RESONANCE  METHOD 

Longitudinal  stationary  waves  of  air  in  a  stopped  pipe.  A 
pipe  of  given  length  may  sound  its  fundamental,  its  ist  har- 
monic, its  2nd  harmonic,  and  so  on.  Or  pipes  of  different 
lengths  may  all  sound  the  same  note  if  their  lengths  be  such 
that  this  note  corresponds  to,  say,  the  fundamental  of  one, 
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the  ist  harmonic  of  another,  the  2nd  harmonic  of  a  third, 

and  so  on.     The  lengths  are  approximately  — ,  — ,  — ,  etc., 

444 
where  X  is  the  wave  length  in  air  for  the  particular  note. 

y 
Since  V  =  nX  or  »  =  —  where  V  denotes  the  velocity  of 

A 

sound  in  air,  each  of  these  pipes  may  be  made  to  sound  a  note 

y 
of  frequency—      If  a  fork  of  this  frequency  be  sounded  at 

A. 

the  mouth  of  one  of  the  pipes,  the  pipe  will  resound  to  the 
note.     To  determine  the  lengths,  use  a  vertical  glass  tube 
arranged  as  in  Fig.  43,  so  that  water  can  be 
raised  and  lowered  in  it.     The  lengths  at  which 
resonance     occurs     can     be    determined     by 
sounding  the  fork  at   the  mouth  of  the  tube 
and  altering  the  level  of  the  reservoir  shown 
in  the  figure.     The  first  length  is  not  exactly 

-  ,  but  is  about -r,  where  r  is  the  radius  of 

4  45 

the  tube.     The  next  length  is  —  greater   than 
the  first,  and  so  on.     Or, 


, 
5 


Thus 


-, 


-/,-.  etc. 


X  should  be  found  from  these,  and  the  value 
2-r    (the  "  end  correction  ")  checked  ;   it  is  of 

course  the  difference  between     '  and  the  l.-n-th  /.. 

4 

be  used  to  determine  V  if  n  be  known, 
n.     If  n  be  known,  we  have  V  =  n  X  where 
V  and  X  are  the  velocity  and  wave  length  in  an  at  the  tempera- 
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ture  of  the  experiment.     The  velocity  at  o°  C.,  say  F0,  is 

yT~~ 
-~  where  T,  T0  denote  the  absolute  tempera- 
ture at  which  the  experiment  is  performed,  and  the  absolute 
temperature  of  o°C.,   so  that  if  the  temperature  of  the 
experiment  =  t°  C.  we  have 


The  temperature  of  the  air  should  be  taken  and  F0  deter- 
mined. If  n  be  the  unknown  to  be  determined,  the  value 
of  F0  must  be  looked  up  in  the  tables,  F  calculated  by  means 
of  the  above  formula  and  divided  by  X  as  obtained  from  the 
experiment.  For  very  accurate  determinations  it  would 
be  necessary  to  allow  for  the  fact  that  the  air  in  the  tube  over 
the  water  surface  is  moist,  a  circumstance  which  has  an 
influence  on  the  velocity  of  sound. 

The  expression  for  velocity  of  sound  in  air  from  which  the 

above  equation  for  F0  is  derived  is  F  =  ^/  -—,  P  being 

pressure  and  D  density  of  air,  and  y  a  constant  (the  ratio  of 
the  specific  heat  of  air  at  constant  pressure  to  that  at 
constant  volume)  whose  value  is  1.41. 

Density  of  Air.  The  velocity  formula  may  be  verified  by 
making  a  determination  of  the  density  and  pressure  of  the 
air  at  the  temperature  at  which  the  resonance  experiment 
was  made.  A  change  in  pressure  between  the  two  determina- 
tions is  immaterial,  as  this  does  not  alter  F.  It  alters  both 

p 
P  and  D  in  the  same  ratio,  and  therefore  the  value  of  -^  is 

unaltered.    To  make  the  determination,  dry  a  bulb,  Fig.  44, 

provided  with  a  good  tap,  and  let  in 

/^    "N          ,—,  atmospheric  air.     Weigh.     Exhaust 

/  \ 7\ at  the  filter  pump  and  weigh  again. 

I  I U '    If  exhaustion  had  been  complete,  the 

V^^/  difference  would  have  given  the  mass 

of  air  filling  the  bulb.     But  this  is 
not  the  case.     Open  the  tap  under 

water,  and  hold  the  bulb  so  that  the  water  rises  to 
the  same  level  inside  as  outside.  The  air  inside  is  now  at 
atmospheric  pressure,  and  the  water  has  replaced  the  air 
which  was  pumped  out.  Close  the  tap  and  weigh.  Assuming, 
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as  we  may  for  our  purpose,  that  i  cc.  of  water  has  mass  of 
i..  tli.  mass  of  the  water  is  numerically  equal  to  the 
v.  .hum-  ( .t  tlu'  air  pumped  out.  The  mass  of  this  air  is  known, 
and  thus  its  density  can  be  calculated.  [The  experiment  is 
not  quite  accurate,  on  account  of  the  presence  of  more  water 
vapour  in  the  air  in  the  bulb  after  the  water  has  been  admitted. 
ii  v  could  be  used  instead  if  the  bulb  were  not  too  large, 
but  a  fairly  large  bulb  is  necessary  in  order  to  give  a  reasonable 
mass  of  air.  A  small  bulb  might  be  used  if  the  weighings 
were  carried  out  with  great  accuracy.  Or,  by  making  the 
experiment  and  calculation  somewhat  more  complicated, 
the  effect  due  to  the  vapour  could  be  allowed  for.] 

The  pressure  P  must  be  obtained  from  the  barometer  and 
expressed  in  dynes  per  sq.  cm.  If  H0  cms.  be  the  corrected 
height,  then  P  =  H0  x  13.6  X  981  dynes  per  sq.  cm.  Fill 
in  the  formula  for  V  and  compare  with  that  obtained  by 
resonance  at  the  temperature  of  the  experiments. 

There  is,  however,  no  need  to  make  the  density  determina- 
tion at  the  same  temperature  as  the  resonance  experiment. 
Simply  find  D  for  any  temperature  and  reduce  to  density 

at  o°  C.  :   D0  say,  remembering  that  7—  =-~-°.    Then  deter- 

VQ  1 

/rP 

mine  pressure  as  above,  and  fill  in  V0  =  „/    n-  ,  P  being  the 

U0 

actual  pressure  of  the  atmosphere  when  D  was  determined. 
iot  be  the  same  as  when  the  resonance  experiment 
done.     Compare  this  V0  with  the  K0  obtained  by  the 
resonance  experiment. 


LONGITUDINAL  VIBRATION  OF  A  ROD 

A  rod  clamped  at  the  centre,  and  rubln-d  with  a  rosined  or 
!  .ike  the  air  in  an  open  pipe,  with  a 


node  at  the  centre.     The  length  of  the  rod  is  =  -  ,  where  Xis 

h.  in  the  in  i  the  rod,  of  the  note  emitted. 

Set  up  and  tune  the  sonometer  to  the  rod.     Determine  n  for 

:ie  length  of  the  string  till  it 

Is  in  unU"M  with  a  known  fork  of  frequency  say  nt. 
both    I  of    the    string    1>«  ini;    known,    n    can 

be    calculated.       i  <juency   of   the    rod.      If 

8 
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V  =  velocity  of  sound  in  the  rod,  V  =  wX  as  before.     V  can 
thus  be  obtained. 
The  formula  for  V  in  a  solid  is 


-    /  Z- 

~  V      D 


where  Y  is  a  constant,  called  Young's  Modulus  of  Elasticity, 
for  the  material,  and  D  the  density.  These  constants  may  be 
found  experimentally  and  the  formula  tested. 

Young's  Modulus.  The  vibrating  rod  suffers  compression 
'and  extension.  Young's  Modulus,  which  is  concerned  in 
the  velocity  of  sound  in  the  rod,  is  the  ratio  of  force  per 
sq.  cm.  applied  to  elongate  or  shorten  the  rod  to  the  strain 

(change  of  length  \  ,      _, 

or  —  p?  —  =-=  --  ~-  )  produced.     For  wires,  the  modulus  is 
original  length  /  J 

easily  determined  by  noting  the  elongation  produced  by  a 
given  weight.  The  same  method  is  applied  to  rods  in  engineer- 
ing laboratories.  It  can,  however,  be  shown  that  Y  is  con- 

cerned in  the  bending  of  beams,  for 
when  a  beam  is  bent  as  in  Fig.  45 
the  upper  portion  is  shortened  and 
the  lower  portion  lengthened.  The 
amount  of  bending  strain  produced 
by  the  load  must  therefore  depend 
on  Y.  If  the  rod  be  rectangular, 
F  JT  of  length  /,  breadth  b  and  depth  d, 

the  deflection  at  the  centre  due  to 

a  load  there,  when  the  rod  is  supported  on  A-blocks  at 
the  ends,  is 

Wl* 

-4bd*Y' 

W  being  the  load  in  dynes.  For  a  rod  of  circular  section, 
diameter  d,  the  formula  is 

4WI* 


Before  determining  Y,  verify  the  facts  : 

(a)  that  8  oc  W,  I  being  constant,  and 

(b)  that  8  oc  /3,  W  being  constant. 

A  convenient  form  of  apparatus  is  sketched  in  Fig.  46. 
The  rod  is  supported  by  stands  at  distance  J  apart.  At  the 
centre  a  thread  is  attached  carrying  a  scale  pan.  Another 
thread  (which  must  be  quite  distinct  from  the  first)  is  also 
attached  to  the  rod  and  passed  completely  round  the  small 
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roller  shown  in  the  figure.  A  small  weight  keeps  the  thread 
taut.  The  thread  may  be  rubbed  with  rosin  to  make  it  grip 
the  roller.  The  roller  works  smoothly  on  a  spindle  to  which 
a  pointer  is  attached.  This  moves  over  a  graduated  circle. 
Different  weights  may  be  put  in  the  pan,  and  the  deflections 
noted.  Remove  the  weights  carefully  and  see  whether  the 
pointer  returns  to  its  original  position.  If  not,  the  thread 
has  slipped,  or  the  rod  has  been  too  much  strained — beyond 
its  elastic  limit.  The  deflection  of  the  rod  is  related  to  the 
deflection  of  the  pointer,  for  a  complete  rotation  of  the  latter 
corresponds  to  a  dip  of  the  rod  equal  to  one  turn  of  the  thread 
on  the  roller,  i.e.,  to  a  dip  in  cms.  of  2nr,  where  r  =  radius  of 


•BSSB 


FJG. 


roller.    This  radius  must  be  determined  by  means  of  a  screw 
gauge  or  calipers,  as  must  also  the  lateral  dimensions  of  the 
rod. 
The  deflections  should  be  taken  for  several  lengths 

nces  between  the  supports  of  the  rod)  and  for  several 
weights  for  each  length.     Graphs  should  be  plotted,  on  the 

L,rram,   for  each   length.     Ordinal  rs   will   repr 
deflections  of  the  rod,  and   abscissae  weights.      Again 

wright  a  graph  should  be  drawn  with  lengths  for  abscissae 
and  deflections  for  ordinates,  and  also  one  with  values  of  /* 

l)sciss£e  and  deflections  for  ordinal--       Thifl  la>t  | 
will  In-  ,i  straight  line  if  8  oc  /8. 


116  PHYSICS 

/  p^/3    \ 

Next  calculate  Y  (i.e.,— r^-  ),  making  a  separate  calculation 
v        ^oa  8 / 

for  each  length  used.     Thus,  for  the  first  length  find  the  mean 

W 

value  of  —  from  the  observations,  and  calculate  the  corres- 

o 

ponding  value  of  Y.  Similarly  for  the  other  lengths. 
Compare  these  values  of  Y,  which  should  be  nearly  alike. 

Density  of  the  Rod.  Take  the  rod,  or  a  sample  of  the 
material  of  which  it  is  made.  If  of  a  regular  shape,  measure 
with  vernier  calipers  or  screw  gauge  and  calculate  the  volume. 
Determine  the  mass,  and  thence  the  density.  Also,  if  a  sample 
is  available,  weigh  in  air  and  in  water,  and  calculate  the 
density,  remembering  that  the  difference  between  the 
weighings  gives  the  mass  of  the  water  displaced.  The  first 
method  will  be  sufficient  if  the  material  be  wood. 

Apply  the  values  obtained  for  Y  and  D  to  the  velocity 
formula,  and  compare  with  the  velocity  already  determined 
by  experiment. 
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I.  SOLIDS 


ET  L, 


L0be 


the  lengths  of   a  rod   at  t°  C.  and  o°  C. 

Then  — ^  — °  is  very  nearly  constant,  and  is  called 
LQt 

the  coefficient  of  linear  expansion  of  the  solid  of  which  the 
rod  is  made.     Let  it  be  denoted  by  /.     We  may  write 

L  =  £„  (i  +  II). 

The  coefficient  of  expansion  should  be  determined  for  the 
rods  (omitting  the  wooden  ones)  used  in  the  experiments 
on  the  vibration  of  rods  and  Young's  modulus.  A  con- 
venient apparatus  for  the  purpose  is  shown  in  Fig.  47.  The 


I 


T—  r 


: 


rod  to  be  •  <>rkr<l  into  a  ^'l.i-s  strain  (  tluTmo- 

r  being  attached  to  the  rod  in  such  a  way  tli.it  it  ran  be 
from  outsidr.      'I  IK-  whole  is  supported  by  forks  on  a 
framrwork.   b«  twrm   two  jaws  win.  h   t..udi  the  ends  of  tin- 
rod.    One  of  these  is  fixed,  the  other  movi  •  "n  two  -.mall 
il.it  platr.  an«l  i-  li.-l<l  in  ]K>sition  by  two  snni- 
llai  springs,  one  of  \\hi-h  is  ^hown  in  tin-  ti.^mv.     These 
springs  (.\IUM-  th'-  j.iw  to  press  ratlu  r  tightly  on  the  rod 
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also  on  the  rollers.  The  latter  consist  of  thin  needles  or  steel 
I,  and  one  of  them  is  rather  long  and  carries  a  light  pointer, 
which  moves  over  a  graduated  circle,  shown  dotted,  as  the 
jaw  recedes  owing  to  expansion  of  the  rod.  The  expansion 
can  be  deduced  from  a  knowledge  of  the  diameter  of  the 
roller  and  of  the  angle  through  which  it  turns.  Note  that 
for  one  complete  revolution  of  the  roller  the  jaw  moves 
horizontally  a  distance  equal  to  twice  the  circumference  of 
the  roller.  For  the  roller  moves  along  the  plate  on  which 
it  rests  through  a  distance  equal  to  its  own  circumference, 
while  the  jaw  also  moves  a  similar  distance  relatively  to  the 
roller. 

To  determine  /,  note  the  temperature  of  the  rod  after  the 
apparatus  has  been  set  up  and  left  for  a  few  minutes  to 
assume  a  steady  temperature.  Note  also  the  readings  of  both 
ends  of  the  pointer.  Pass  steam  for  several  minutes,  till 
the  pointer  becomes  quite  steady,  showing  that  expansion 
has  ceased.  If  the  thermometer  can  be  read,  observe  its 
temperature ;  if  not,  read  the  barometer  and  determine  from 
the  boiling-point  tables  the  boiling  point  of  water,  and  assume 
that  this  is  the  temperature  of  the  rod. 

Let  /!  t2  be  the  initial  and  final  temperatures  of  the  rod, 
and  Ll  L2  its  lengths  at  these  temperatures.  Then  from  the 
general  formula  we  have 

L!  =  L0  (I  +  ttj 
L2  =  L0  (i  +  It2). 

The  increase  of  length  due  to  heating  from  tj°  to  t2°  is 
L,  —  Ll  in  cms.,  and  we  may  write 

L2  —  LI  =  L0  (i  +  ^2)  —  L*  (i  +  &i) 

=  LO  /(/,  —  *!) 

whence 


Since  L0  is  not  known,  the  experiment  does  not  enable  us 
to  determine  /.  But  if  the  original  length  Ll  (measured 
beforehand  by  a  meter  scale)  be  substituted  for  L0  in  the 
denominator,  only  an  extremely  minute  difference  will  be 
made  in  the  value  of  the  fraction.  This  value  may  be  taken 
for  /  for  all  practical  purposes. 

Care  must  always  be  taken  in  making  approximations  of 
this  kind,  otherwise  the  results  obtained  may  be  quite  inad- 
missible. Suppose  in  the  above  formula  L0  —  100.0, 
Ll  =  100.1,  and  L2  =  100.2  cms.,  these  figures  being  taken  at 
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random  for  explanatory  purposes  only.     Now  LI  —  Lj  =  o.i 

cm.  and  — L  — 1  =  — : —  =  o.ooi.    If  in  the  denominator 
L0  100.0 

we  substitute  Ll  for   L0  we  have  -    -  ,  which  =  0.000999, 

IOO.  I 

which  only  differs  from  the  true  value  by  one  part  in 
a  thousand.  But  now,  supposing  that  we  substituted 
L0  for  L!  in  the  numerator,  we  should  have 

L-  —  L0      100.2  —  100.0         0.2 

-  = = =  .002, 

L0  100.0  100.0 

which  is  twice  the  correct  value.  In  the  actual  case,  of  course, 
the  value  L2  —  L1  is  determined  directly  by  experiment, 
and  so  there  is  no  danger  of  falling  into  this  error. 

At  the  end  of  the  experiment  allow  the  apparatus  to  cool, 
if  possible,  to  the  original  temperature,  and  note  whether 
the  pointer  comes  back  to  its  original  position.  If  not,  the 
experiment  cannot  be  relied  on  as  having  given  a  satisfactory 
result. 


A   calculation 

Consider  one  of  the  rods  for  which  Young's  Modulus  and 
the  coefficient  of  linear  expansion  have  been  measured. 
Suppose  it  to  be  heated  to  t°  C.,  and  then  let  its  ends  be  firmly 
fixed  so  that  it  is  prevented  from  contracting  as  it  cools. 
If  the  rod  be  cooled  to  o°  C.,  what  force  will  it  exert  on  the 
supports  ?  or,  what  comes  to  the  same  thing,  what  will  be  the 
tension  in  the  rod  ?  This  question  is  merely  introduced  hnv 
as  a  type  of  problem  which  connects  two  physical  quantities 
or  properties,  and  helps  to  show  the  relation  between  them. 


II.  LIQUIDS. 

A    Coefficient  of  Absolute  Expansion  of  Mercury  by  Dulong 

and  Petit' s  Method.     The  method  is  one  in  which  two  columns 

of  nuTrury  at  dir  :nprr.ilur<  >  an-  balan<  .  <1  in  a  kind 

J  tube.     A   simple   ai:  nt    is  shown   in    Fitf.   48. 

The  two  brnt  be  vertical  parts  of  \vhi<  li  are  KUTOU 

by  water  baths,  are  connected  together  at  the  bottom  by  a 

length  of  capillary  tube,  which  may  be  water-cooled  in  order 

vent  How  of  h<  at  from  tin   hotter  to  the  cooler  side  of 
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the  U  -  Stirrers  are  provided  for  the  baths,  also  thermometers 
should  be  suspended  in  them.  The  capillary  tube  being 
horizontal,  and  the  baths  kept  at  steady  temperatures,  say 
^°  and  /2°»  tne  difference  between  the  levels  of  the  mercury 
surfaces  should  be  accurately  determined  by  means  of  a 
reading  microscope.  The  lengths  of  the  portions  of  the  tubes 
in  the  baths,  which  should  be  as  nearly  as  possible  equal,  will 
also  be  required.  60  cms.  is  a  suitable  length.  A  steam 
jacket  may  be  used  with  advantage  in  place  of  the  water  bath 
for  the  high  temperature  side  of  the  apparatus. 


FIG.  48. 

Let  h  be  the  level  difference  and  H  the  vertical  length  of  the 
portion  of  either  tube  in  its  bath,  and  let  plf  p2  be  the  densities 
of  mercury  at  t^  and  /2°,  and  suppose  for  simplicity  /2°  to  be 
the  temperature  of  the  air  and  of  the  parts  of  the  tubes  to 
the  right  of  the  screen  S  in  the  figure.  The  pressure  due  to 
the  column  of  mercury  in  the  hot  part  of  the  left  hand  tube 
is  g  P!  H,  and  that  due  to  the  corresponding  column  on  the 
right  side  is  gp2#-  This  is  greater,  but  the  difference  is 
made  up  by  the  excess  column,  of  height  h,  at  the  mouth  of 
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the  left  tube.  The  pressure  due  to  this  is  g  p2  h.  (The  total 
pressure  on  the  left  side  must  equal  that  on  the  right  side, 
since  the  tubes  are  connected  by  the  horizontal  capillary  tube 
at  the  bottom.)  Thus  we  have 


Pl 
=  — 


or  -?t 

H  —  h 

whence  —  TJ  — 

«  ?2 

It  is  only  necessary  to  express  the  ratio  of  the  densities 
in  terms  of  the  coefficient  of  volume  expansion  of  mercury. 
Taking  say  I  grm.  of  mercury  at  different  temperatures, 

its  density  will  vary  inversely  as  its  volume,  or  —  =  ~ 

?2          Vl 

where  vlt  v2  represent  its  volume  at  t^  and  /2°  respectively. 
But  if  m  denotes  the  coefficient  of  expansion  and  v0  the 
volume  at  o°  C.  we  have 

Vi  =  v0  (i  +  wdi)  v2  =  v0  (i  -f 

and  therefore  we  easily  arrive  at  the  required  result 


Ps       I  + 
and  finally 

H  —  h       i  +  mt2 
H  i  +  mi  Y 

from  which  m  can  be  calculated. 

B.  Coefficient  of  Apparent  Expansion  of  Mercury  in  Glass. 
Weight  Thermometer  Method.  Let  ma  denote  the  coefficient 
of  apparent  expansion  of  mercury  in  a  vessel  of  glass,  and  g 
the  coefficient  of  cubical  expansion  of  glass.  Then 

m  =  w.  +  g. 

me  other  liquid  be    considered  whose  coefficients  of 
absolute  and  apparent  expansion  (the  lattt  T  in  nspect  to  a 
vessel  of  the  same  kind  of  glass  as  before,  or  preferably  to 
t  me  vessel)  are  c  and  ca  we  have 
c  =  c.  +  g. 

Now  the  determination  <»f  r,  is  Mmj'l<  r  than  tint  of  c,  and 
fluently  it  will  l>c  convenient  to  drtrnniiu-  ;;/  and  wa, 
and  to  «,  il.nl.  it.  •    <;  fnun    these,  and    then  t«»  d.-t.-i  mm«-  , 
any  liquids   \vh«»>,-    t    may  be  rc(iuin-d.     ;;/   1>.  iii-   already 
known,  it   remains  to  determine  tn.  fur  m  i  a  given 

vessel. 
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Use  a  glass  bulb  of  the  shape  shown  in  Fig.  49,  say  about 
3  inches  long.  Weigh  it  dry  and  empty,  then  fill  with  mercury 
by  alternately  warming  and  cooling  with  the  nozzle  under 
mercury.  Immerse  the  bulb  in  a  beaker  of  pounded  ice  and 
distilled  water,  in  the  position  shown  in  the  figure,  and  when 
all  is  at  o°  C.  remove  the  mercury  cistern, 
and  replace  by  a  small  weighed  empty 
beaker.  The  quantity  of  mercury  present 
is  then  just  sufficient  to  fill  the  "weight 
thermometer"  at  o°  C.  Next  immerse  in 
a  bath  at  a  higher  temperature  t°  (e.g., 
50°  C.).  Keep  the  mercury  which  over- 
flows, remove  this  in  its  small  beaker,  and 
then  allow  the  weight  thermometer  to 
cool.  Weigh  both  it  and  the  overflow, 
deducting  the  known  weights  of  the  bulb 
itself  and  of  the  beaker.  Let  Wt,  W0 
denote  the  masses  of  mercury  in  thermo- 
meter at  t°  and  o°  respectively.  The 
latter  of  course  is  equal  to  the  mass  left 
in  at  t°  plus  the  overflow. 

Now    the    coefficient    required,    wa,    is 
given  by 

mass  of  overflow 


FIG.  49. 


a 


mass   filling  bulb  at  t°  X  rise  of  temperature 


or 


*,= 


x 


Nearly  the  same  result  will  be  obtained  if  the  temperature 
of  the  room  be  taken  instead  of  o°  C.  Tlie  value  of  g  can 
now  at  once  be  found,  and  the  bulb  used  for  other  liquids. 

C.  The  same  for  any  liquid.     The  next  step  is  to  determine 
the  value  of  c  for  any  liquid,  using  the  same  bulb  and  method 
as  before. 

D.  Calculation  of  Coefficient  of  Absolute  Expansion  for  the 
Liquid.     Since  g  and  ca  are  known,  c  can  at  once  be  determined. 
To  show  how  the  various  determinations  that  have  been  made 
assist  in  the  final  result  we  may  write  : 


Other  liquids  may  then  be  substituted,  and  their  ca's 
determined  —  the  same  value  of  m  —  m  (or  g)  of  course 
serving  for  each  case. 
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As  an  exercise  on  the  subject  of  this  section  the  coefficient 
of  linear  expansion  of  a  glass  tube  may  be  determined,  and 
multiplied  by  three,  to  give  the  cubical  expansion  g.  A 
weight  thermometer  may  then  be  made  from  this  tube,  and 
g  determined  by  means  of  mercury.  The  two  values  thus 
obtained  should  then  be  compared. 


EXPERIMENTS  ON  WATER  SUBSTANCE 
CHANGE  OF  STATE  I.    (!CE- WATER) 

•^DETERMINATION    of  the   Latent    Heat    of    Water. 

I  J  The  latent  heat  of  water  (or  of  fusion  of  ice  as  it  is 
~^^^  sometimes  called)  is  given  by  the  number  of  calories 
absorbed  by  one  gram  of  ice  in  becoming  water  without 
change  of  temperature.  Use  a  calorimetry  method,  and  first 
perform  a  preliminary  experiment  in  the  following  way :  Half 
fill  a  calorimeter  with  warm  water,  and  note  its  temperature. 
Put  some  small  lumps  of  ice  into  the  water,  and  stir  till 
these  are  melted.  Note  the  reduction  of  temperature. 
Estimate  roughly  from  this  the  quantity  of  ice  necessary  to 
cause  a  reduction  of  temperature  of  about  15°  C. 

Now  perform  the  actual  experiment  for  the  determination 
of  latent  heat.  Weigh  an  empty  calorimeter,  and  the  saime 
half  full  of  water,  which  should  be  at  a  temperature  of  7° 
or  8°  above  that  of  the  room.  Suspend  the  calorimeter  in 
its  outer  cover.  Take  the  temperature  accurately,  and 
rapidly  transfer  to  the  water  about  the  quantity  of  ice  esti- 
mated as  above.  This  ice  should  be  carefully  dried  on 
blotting  paper  immediately  before  being  put  into  the  calori- 
meter, otherwise  any  adhering  water  will  give  rise  to  error. 
Stir  with  the  thermometer  till  the  ice  is  melted,  and  note  the 
final  temperature.  This  should  be  about  as  much  below 
the  atmospheric  temperature  as  the  initial  temperature  was 
above  it.  The  reason  for  this  will  be  explained  shortly. 
Now  equate  the  heat  lost  by  the  calorimeter  and  its  original 
quantity  of  water  to  that  gained  by  the  ice  in  melting  and  by 
the  melted  ice  in  rising  to  the  final  temperature  of  the  calori- 
meter. If  E  denotes  the  water  equivalent  of  the  calorimeter, 
that  is,  its  mass  X  specific  heat,  and  M  the  mass  of  water 
originally  present,  the  heat  lost  will  be  (M  +  E)  X  (fall  of 
temperature),  and  if  m  =  mass  of  ice  added  (which  can  be 
determined  by  making  a  final  weighing  of  the  calorimeter 
and  its  contents,  and  deducting  from  this  the  mass  before 
the  ice  was  put  in),  and  L  =  the  latent  heat,  the  heat  gained 
will  be  equal  to  mL  -f  m  x  (rise  of  temperature  from  o°  to 
final  temperature  of  the  water).  The  object  of  arranging 
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the  original  temperature  and  the  quantity  of  ice  so  that  the 
final  temperature  is  approximately  as  much  below  atmospheric 
temperature  as  the  initial  temperature  was  above  it,  is  to 
minimi /e  error  due  to  loss  of  heat  from  the  calorimeter 
during  mixing.  Since  during  half  this  process  the  calorimeter 
is  above  the  temperature  of  the  room,  and  is  below  it  during 
the  other  half,  the  slight  loss  during  the  first  half  will  be 
approximately  made  up  by  a  gain  during  the  second  half. 


CHANGE  OF  STATE  II.     (WATER-STEAM) 

Determination  of  the  Latent  Heat  of  Steam  at  Atmospheric 
Pressure.  The  latent  heat  of  steam  depends  on  the  tempera- 
ture at  which  boiling  takes  place,  being  smaller  the  higher 
the  temperature.  The  temperature  of  boiling  (in  a  vessel 
open  to  the  air)  may  be  obtained  by  observation  of  the  height 
of  the  barometer  and  reference  to  the  tables  of  boiling  points. 
The  latent  heat  is  given  by  the  number  of  calories  absorbed 
by  one  gram  of  water  in  passing  to  steam  without  change  of 
temperature.  The  same  quantity  of  heat  is  given  out  when 
the  steam  condenses.  The  method  used  is  to  pass  steam 
into  a  calorimeter  of  water,  where  condensation  takes  place. 
The  loss  of  heat  during  the  condensation  must  be  add* 
th«  !<,->  which  the  condensed  water  suffers  in  being  cooled  to 
tli.  final  temperature  of  the  calorimeter.  The  loss  is  thru 
ted  to  the  heat  gained  by  the  calorimeter  and  the  water 
originally  contained  in  it.  The  mass  of  steam  passed  in  is 
determined  by  weighing  before  and  after  the  process. 

One  or  two  points  call  for  special  attention.     In  the  first 

place,  the  final  temperature  must  not  be  so  high  as  to  give 

rise  to  an  appreciable  loss  of  water  by  evaporation  from  the 

imeter,   an  occurrence  which  would  obviously  vitiate 

the  results  of  the  experimmt.     A  considerable  rise,  however, 

Ivisable,  so  that  the  quantity  of  steam  condensed  may 

be  sufficiently  great  to  enable  its  mass  to  be  obtained  with 

accuracy.     If  tin-  calorimeter  be  cooled  to  about  10°  below 

atmospheric  temperature,  by  means  of  ice,  before  passing 

i.  and  this  be  passed  till  a  temperature  of  10°  above 

at  m«  >spheii<-  is  reached,  a  total  rise  of  20°  is  obtained  safely, 

and  at   the  B)  the    advantage  ;  U)  in  the  last 

\nother  point  is  that  tl 

.-d    into    the    calorimeter   should    be    as   dry  as 
possible,  thai 
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water  before  entering  the  calorimeter.  This  will  certainly 
occur  unless  special  precautions  be  taken  to  prevent  it. 
A  suitable  arrangement  is  shown  in  Fig.  50.  An  inverted 
flask,  in  which  the  steam  is  to  be  generated,  is  fitted  with  a 
cork,  pushed  into  the  neck  as  shown,  and  a  glass  delivery 
tube.  The  upper  part  of  this  tube  being  at  the  temperature 
of  boiling  water,  the  steam  which  passes  out  is  largely  kept 
from  condensing,  provided  that  the  lower  part  of  the  tube  is 


FIG.  50. 


not  longer  than  is  necessary  to  enable  it  to  dip  to  the  bottom 
of  the  calorimeter.  The  flask  is  supported  on  a  piece  of  wood 
which  acts  as  a  screen  to  prevent  heat  from  reaching  the 
calorimeter  direct.  The  steam  is  generated  by  means  of  a 
ring  burner.  The  neck  of  the  flask  should  be  rather  short 
and  the  part  below  the  cork  stuffed  with  cotton  wool.  The 
reason  for  pushing  in  the  cork  to  the  end  of  the  neck  is  that 
water  in  the  neck  would  be  rather  below  boiling  point,  and 
would  therefore  tend  to  make  steam  in  the  outlet  pipe  condense. 
In  performing  the  experiment,  the  calorimeter  of  water  must 


EXPERIMENTS  OX  WATER  SUBSTANCE  127 

be  brought  quickly  into  position,  and  quickly  removed  wlu-n 
sufficient  steam  has  been  passed.  (If  the  apparatus  be  such 
that  the  thermometer  cannot  be  kept  in  the  calorimeter  so 
as  to  show  when  the  passage  of  steam  is  to  be  stopped,  a 
preliminary  experiment  might  be  made  in  order  to  find  out 
DOW  many  seconds  should  be  allowed  so  as  to  obtain  about 
the  required  rise  of  temperature.)  Let  m  be  the  mass  of  steam 
condensed,  tl  its  original  temperature,  /2  the  initial  tempera- 
ture of  the  calorimeter,  and  t3  the  final  temperature  of  the 
whole.  Then  L  being  the  latent  heat  of  steam,  we  have 

mL  -f-  m  (*x  —  /3) 
for  the  heat  given  up,  and 

(mass  of  water  originally  in  calorimeter  -f  E)  x  (t3  —  t^ 
for  the  heat  gained,  where  E  as  before  denotes  the  water 
equivalent  of  the  calorimeter.     Equating  these,  L  can  be 
determined. 


VAPOUR  PRESSURE 

The  steam  dealt  with  in  the  last  experiment  is  saturated 
water  vapour  whose  pressure  is  equal  to  that  of  the  atmos- 
phere, and  whose  temperature  is  that  of  the  boiling  point  of 
water  at  atmospheric  pressure.  It  represents,  then,  saturated 

r  vapour  at  a  particular  temperature  and  pressure.  By 
causing  water  to  boil  under  various  pressures  and  noting  the 
corresponding  boiling  points,  data  for  drawing  a  graph  or 
constructing  a  table  showing  the  relation  between  pressure 
and  temperature  of  saturated  water  vapour  can  be  obtained. 
Such  a  table  has  already  been  referred  to  above.  A 
convenient  apparatus  for  pressures  lower  than  atmospheric 
is  shown  in  Fig.  51.  Water  is  boiled  in  a  flask  provided  with 
a  thermometer,  whose  bulb  is  a  little  above  the  surface  of 

water,  and  an  outlet  tube  surrounded  by  a  condenser, 
through  which  cold  water  circulates.  This  condenses  the 
steam,  which  drops  back  as  water  to  the  flask.  The  outlet 
tube  passes  into  a  bottle  which  also  has  another  tube  t 
through  its  stopper  (which  should  be  of  rubber,  as  should 
also  that  of  the  flask,  for  the  sake  of  air-tightness)  passing 
to  a  mercury  pressure  gauge  and  on  to  a  filter  pump.  By  means 
of  the  pump  the  pressure  in  tin-  il.i  k  can  be  reduced  below 
that  of  the  atmosphere.  The  bottle  serves  two  purposes: 
it  prevents  any  condensed  steam  which  may  pass  over  from 
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reaching  the  pressure  gauge,  and  it  also  enlarges  the  volume 
of  the  exhausted  system.  This  is  convenient  in  practice,  as 
it  causes  changes  of  pressure  to  take  place  more  slowly. 

Suppose  the  water  to  be  boiling  and  the  pump  to  be  work- 
ing. By  means  of  a  tap  between  the  apparatus  and  the 
pump  the  pressure  can  be  adjusted  to  the  required  value 


FIG.  51. 

and  kept  steadily  at  that  value,  as  indicated  by  the  gauge, 
till  the  temperature  is  read  on  the  thermometer.  The  pressure 
and  temperature  will  then  give  a  point  on  the  graph  previously 
referred  to.  A  number  of  values,  using  the  greatest  range 
of  pressures  possible,  should  be  observed  and  plotted.  The 
results  should  then  be  compared  with  the  standard  boiling 
point  or  vapour  pressure  tables.  Note  that  the  pressure  in 
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the  flask  is  given  in  cms.  of  mercury  by  the  height  of  the 
barometer  at  the  time  of  the  experiment  minus  the  difference 
between  the  levels  of  the  mercury  in  the  gauge.  One 
determination  should  be  made  without  working  the  pump, 
so  as  to  include  the  case  of  boiling  under  atmospheric 
pressure. 

Another  method  may  be  used  for  temperatures  ranging 
from  just  above  freezing  point  up  to  60°  or  70°.      The 
necessary  apparatus  is  shown  in  Fig.  52.     It 
consists  of   two   barometer   tubes,    originally 
filled  with  mercury  and  inverted  into  the  same 
cistern.     Into  one  of  them  is  passed  a  small 
quantity  of  water,  which  rises  to  the  top  of 
the  mercury  column  and  partially  evaporates, 
filling  the  upper  part  of  the  tube  with  saturated 
water  vapour.     The  upper  parts  of  the  tubes 
are  enclosed  in  a  water  bath  with  a  glass  front. 
A  scale  dipping  into  this  bath,  a  stirrer,  and 
a  thermometer  to  indicate  the  temperature  of 
the  bath  are  also  required.     Water  at  various 
temperatures  may  be  poured  into  the  bath. 
Were  it  not  for  the  presence  of  the  water  and 
its    vapour   in   one    of    the    tubes    the    two 
mercury  columns  would  stand  at   the  same 
level.     The  depression  of  the  mercury  in  the 
water  tube  is  due  partly  to  the  small  quantity 
of  water,  which  exerts  a  pressure  (expressed 
in  cms.  of  mercury)  equal  to  its  height  divided 
by  13.6 — the  pressure  due  to  a  column  of  water 
being   equal   to   that    due    to   a    column    of 
mercury    ^    times    its   height.     This    only 
accounts  for  a  very  small  depression  of  the        1?IG-  52- 
mercury,  the  greater  part  being  due  to  the  pressure  of  the 
r  vapour  in  the  upper  part  of  the  tube.     This  pressure, 
then,  can  easily  be  determined  by  adding  to  the  mercury 
column  in  the  tube  an  amount  equal  to  —^  of  the  height 
of  tli  >lumn  of  water,  and  then  subtracting  this  total 

t  f r< >m  the  height  of  the  column  in  the  other  tube.  Since 
only  differences  of  the  heights  of  the  columns  are  required, 
it  i^  immaterial  where  the  zero  of  the  scale  used  for  measuring 
them  may  be.  The  result  is  the  pressure  of  the  vapour  in 
terms  of  cms.  of  mercury,  the  mercury  being  at  the  tempera- 
ture of  the  bath.  To  reduce  to  standard  cms.  of  mercury 
(in  which  the  mercury  is  supposed  to  be  at  o°  C.)  it  is  necessary 
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to  divide  the  value  as  determined  above  by  I  +  ml,  where 
m  is  the  coefficient  of  expansion  of  mercury  and  /  the  tempera- 
ture of  the  bath.  A  set  of  values  of  pressure  and  temperature 
can  thus  be  obtained  and  plotted  on  the  diagram  of  the  last 
experiment. 


WATER  VAPOUR  IN  THE  ATMOSPHERE — HYGROMETRY. 

Dew  Point.  In  the  last  experiments  a  curve  showing  the 
pressure  of  saturated  water  vapour  at  different  temperatures 
has  been  obtained.  In  the  atmosphere,  part  of  the  ordinary 
atmospheric  pressure  is  due  to  the  water  vapour  present. 
If  at  any  temperature  the  quantity  present  be  such  as  to  exert  a 
pressure  equal  to  the  saturation  pressure  (as  shown  on  the 
curve)  for  that  temperature,  the  humidity  of  the  atmosphere 
is  the  greatest  possible.  Any  excess  of  moisture  would 
condense  in  the  form  of  dew.  If  the  air  contains  less  moisture 
than  this,  the  "  relative  humidity  "  is  equal  to  the  ratio  of 
the  pressure  of  the  vapour  present  to  the  pressure  which 
would  be  exerted  if  the  vapour  were  saturated,  or,  in  other 
words,  is  equal  to  the  ratio  of  actual  pressure  to  maximum 
pressure  possible.  This  maximum  pressure,  for  the  particular 
temperature  of  the  atmosphere,  is  given  by  the  graph  or 
by  the  tables  of  saturated  vapour  pressure.  To  find  the 
actual  pressure,  imagine  the  temperature  of  the  atmosphere 
to  be  reduced  (without  altering  the  amount  of  vapour  present) 
till  condensation  just  begins  to  take  place.  Then  the  pressure 
actually  present  is  the  maximum  pressure  for  the  lowered 
temperature,  and  its  value  can  be  found  from  the  graph  or 
tables.  The  ratio  of  these  two  pressures  gives  the  relative 
humidity  of  the  atmosphere  at  the  original  temperature. 
The  lower  temperature  is  called  the  Dew  Point.  It  obviously 
depends  on  the  quantity  of  vapour  present  in  the  atmos- 
phere. 

To  determine  it  practically,  use  Regnault's  hygrometer, 
which  consists  of  a  thin  polished  silver  thimble  cemented  on 
to  the  end  of  a  glass  tube,  fitted  with  a  cork,  a  thermometer, 
with  its  bulb  in  the  middle  of  the  thimble,  and  two  tubes, 
one  passing  down  nearly  to  the  bottom  of  the  thimble,  and 
the  other,  an  outlet  tube,  passing  just  through  the  cork.  (See 
Fig.  53-)  To  use  the  apparatus,  pour  ether  into  the  thimble, 
and  pass  a  stream  of  air  gently  down  the  inlet  tube  by  means 
of  a  small  hand  bellows,  or  draw  through  the  outlet  tube  by 
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an  aspirator.     Air  bubbles  through  the  ether,  and  in<: 

^oration,  and  so  causes  a  lowering  of 
the  temperature  of  the  thimble  and  its 
contents.  When  the  dew  point  is  reached 
a  film  of  dew  is  seen  to  form  on  the 
outside  of  the  thimble  by  condensation 
from  the  atmosphere.  Stop  the  stream, 
and  note  the  temperature  indicated  by 
the  thermometer.  Also  note  the  tem- 
perature at  which  the  dew  disappears. 
Any  appreciable  difference  between  these 
temperatures  indicates  that  the  cooling 
has  been  too  rapid  (in  which  case  the 
thermometer  may  not  take  up  quickly 
enough  the  exact  temperature  of  the  ether 
and  thimble),  or  else  that  the  first  trace 
of  dew  has  not  been  observed.  It  is  not, 
in  fact,  easy  to  detect  this.  Sometimes 
a  second  (dummy)  thimble  is  placed  near 
the  first  for  comparison,  and  both  are 
observed  through  a  telescope.  In  any 
case  it  is  necessary  that  no  moisture  due 
to  the  breath  of  the  observer  should 
reach  the  apparatus.  A  large  glass  screen 
may  be  used  to  prevent  this.  If  no  telescope  be  used,  the 
film  of  moisture  will  be  more  readily  detected  if  the  thimble 
be  continually  stroked  with  a  paper  spill — the  track  of  this 
will  be  visible  as  soon  as  the  film  forms. 

Wet  and  Dry  Bulb  Hygrometer.  Another  form  of  instru- 
ment for  determining  relative  humidity  is  the  wet  and  dry 
bulb  hygrometer.  Two  thermometers  are  supported  side  by 
side  on  a  stand,  the  bulb  of  one  of  th«-m  being  kept  moist 
by  means  of  a  cotton  wick,  one  end  of  which  dips  into  a  small 
vessel  of  water— the  vapour  from  which  should  not  be  allowed 
to  reach  the  bulbs,  or  else  the  hygroiru  ter  will  register  too 
high  a  value  for  the  humidity  of  the  atmosphere.  The  wet 
thermometer  generally  shows  a  lower  temperature  than  the 
other,  due  to  evaporation  of  water  from  its  bulb,  which 
causes  a  reduction  of  temperature.  If.  howev.r.  the  air  is 
uly  quite  sat  will  be  no  evaporation  and 

fore  no  r-  mjvrature  of  this  thermometer. 

lityoftemp<  •iiusmeansth.it  the  air  is  saturated. 

For  other  cases,  tables  have  been  prepare.  1  which  show  tin- 
pressure  of  vapour  present  for  all  reading- 
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mometers.  These  have  been  prepared  by  noting  the  readings 
of  the  thermometers  for  different  states  of  humidity  as 
determined  by  means  of  other  hygrometers,  such  as  the  one 
previously  described.  Thus  the  wet  and  dry  bulb  hygrometer 
is  not  an  instrument  from  which  the  humidity  can  be  directly 
obtained,  but  depends  for  its  value  on  results  obtained  by 
other  means.  It  is,  however,  far  simpler  for  practical  use 
than  Regnault's  form,  once  the  necessary  tables  have  been 
compiled. 


RADIATION 

THE    rate  at  which  a    body  loses  heat  by  radiation 
depends  on  the  nature  and  extent  of   the   surface, 
and  on  the  temperature  of  the  surface  and  that  of 
the  enclosure  in  which  it  is  placed.     Simple  experiments 
can  be  performed  on  cooling  by  means  of  tin  vessels  coated 
with  different  materials,   containing  hot  water  constantly 
stirred.     These   may   be   suspended   from   retort   rings,    as 
shown  in  Fig.  54,  by  strings  attached  to  little  hooks  soldered 


54- 

to  the  tins.  They  should  be  protected  fmm  draughts,  and  the 
room  temperature  may  be  taken  as  that  of  the  enclosure. 

•urse,  some  heat  is  earned  away  by  connexion  currents 
in  the  air;  nrv<  i  tin  •!•  ^  th«  t  xperiments  are  instructive. 
Cooling  curves,  temperatures  as  ordinates  and  times  as 

issae  should  1  u>in«  the  diilcrcnt  vessels  succes- 

sively. TheM  should  bo  all  alike  except  as  regards 
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their  surfaces.  One  may  be  bright,  one  covered  with  soot 
over  a  smoky  flame,  another  painted  white,  and  so  on.  The 
varying  Emissive  Powers  will  be  indicated  by  the  different 
rates  of  cooling  obtained. 

Newton's  law  of  cooling  states  that  the  rate  for  a  given 
surface  is  proportional  to  the  difference  between  the  tempera- 
ture of  the  surface  and  that  of  the  enclosure.  This  law  is 
approximately  true  so  long  as  this  difference  is  not  great. 
The  law  should  be  tested  for  each  surface,  or  at  least  for  those 
of  greatest  and  least  emissive  powers.  Having  a  graph  of 
cooling,  we  may  find  the  rate  of  cooling  at  any  instant  by 
drawing  a  tangent  to  the  curve  at  the  point  which  represents 
that  instant.  For  example,  to  find  the  rate  of  cooling  at  a 
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time  t  from  the  beginning  of  the  observation,  a  tangent  must 
be  drawn  at  the  point  A,  Fig.  55,  corresponding  to  t  on  the 
"  time-axis  "OX.  If  the  cooling  continued  at  the  same  rate 
as  at  A,  the  cooling  curve  would  be  represented  by  the  tangent 
A  B.  As  a  matter  of  fact,  the  cooling  slows  off  as  time  goes 
on  and  as  the  body  gets  nearer  and  nearer  to  atmospheric 
temperature.  The  graph  curves  in  such  a  way  as  to  become 
finally  a  horizontal  straight  line  corresponding  to  atmospheric 
temperature,  when  cooling  ceases.  The  rate  of  cooling  at 
t  then  is  represented  by  the  straight  line  A  B  ;  thus,  A  N°* 
or  6°  would  be  lost  in  time  corresponding  to  the  distance 
N  B  on  the  time-axis.  If  A  N  represents  80°  C.  and  N  B  10 
*  The  point  N  is  where  the  vertical  through  A  cuts  O  X. 
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minutes  or  600  seconds,  the  body  is  cooling  at  the  rate  of 
80°  C.  in  600  seconds,  or  -££5  degrees  in  i  second.    This  is  the 

AN 
rate  of  cooling  at  A,  i.e.,  at  time  /.     It  is  in  fact      =.   the 


numerator  and  denominator   being   taken   to   their  proper 
scales,  and  not  merely  measured  in  cms.  on  the  graph. 

Now,  Newton's  law  says  that  this  rate  is  proportional 
to  the  excess  of  temperature  of  the  body  over  that  of  the 
enclosure,  say  the  room.  To  test  this  draw  tangents  at  several 
points  on  the  curve.  Calculate  rate  of  cooling  for  each,  and 
also  read  off  the  temperature  at  the  point  and  deduct  tempera- 
ture of  room,  which  will  give  the  excess  required.  Let 
Clt  C2.  C3  be  the  rates  of  cooling,  and  O^  6,  02—  0,  03—  6  be 
the  differences  between  the  temperature  and  that  (0)  of  the 
room.  Then  the  law  states  that 

C\  :   C2  :  C3  =  Oj-0  :  02  -  0  :  03  -  0 
or  ^1  ^t  £3 

A  A  AO  A  A* 

Uj  —  U  v/2  —  v  03  —  U 

These  fractions  may  be  calculated,  and  their  degree  of  approxi 
mation  to  equality  tested. 
The  radiation,  the  amount  of  which  depends  on  the  factors 

ive  been  considering,  travels  off  in  straight  lines,  and  its 
intensity  in  space,  after  leaving  its  source,  decreases.  The 
intensity  of  radiation  from  a  point  source  decreases  according 
to  the  inverse  square  law.  If  the  body  be  an  extended  one, 

little  bit  of  surface  may  be  supposed  to  emit  radiation, 

i  follows  this  law. 


ERSE  SQUARE  LAW 

I  ball.     An  iron  or  copper  ball  (Fi,^ 

in  in  a  i'.unsrn  ilame  forms  a  convenient  source 
of  radiation.  If  tin:  temperature  of  tin-  ball  wnv.  uniform 
all  o-.  fan-  it  wmiM  nnit  svmmetrirallv  in  all  (Inv- 

alid would  be  equivalent  for  our  present  purpose  to  a  point 

•i«l  emitting  tin-  same  amount 

•  uniformly  heated,  it  will  still,  for 

is  a  considerable  distance  away,  behave  nearly  like  a 

'  source  .  T<>  mea-uiv  the  intensity  of  the 

uce  use  a  thermopile  and  galvanon. 
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The  deflections  of  the  galvanometer  are  nearly  proportional 
to  the  intensity  of  radiation  falling  on  the  pile.  If  the  pile 
be  provided  with  a  funnel,  polished  inside,  so  that  approxi- 
mately all  the  radiation  which  falls  on  the  mouth  of  the 
funnel  reaches  the  pile,  the  distance  from  the  centre  of  the 
ball  (i.e.,  from  the  equivalent  radiating  point)  to  the  mouth 


FIG.  56. 


of  the  funnel  must  be  taken.  If  no  reflecting  funnel  be 
used  the  distance  must  be  measured  to  the  face  of  the  pile. 
Setting  the  pile  at  various  distances  and  taking  deflections 
the  law  can  be  verified.  We  have,  if  rl  r2  r3  be  the  distances, 
and  Oj,  02,  03  the  deflections, 

I         i        i 

Oi .  02  -  o3  =  ~2  .  -,  .  ^ 

Or  ®lri2  =    62P22  —    ^3r32- 

The  constancy  of  these  should  be  verified. 

Assuming  the  deflections  to  be  proportional  to  the  inten- 
sities, /!,  1 2,  /3  say,  we  may  write 


II.  Source  of  Light.  The  inverse  square  law  can  be 
verified  in  the  case  of  light  by  means  of  a  photometer— 
Bunsen's  grease  spot  photometer  is  suitable.  A  plan  of  the 
arrangement  is  shown  in  Fig.  57.  A  piece  of  white  paper 
having  a  spot  of  grease  in  the  middle  is  supported  in  a  small 


RADIATION 


137 


frame  at  A,  placed  on  a  long  graduated  rod.  Blocks  holding 
candles  slide  along  this  rod  on  each  side.  Mirrors  M  M  are 
placed  so  that  the  eye  at  E  can  see  images  of  both  sides  of 
the  spotted  paper.  This  arrangement  must  be  symmetrical 
•0  that  both  sides  are  viewed  from  the  same  angle.  Now, 
suppose  both  sides  to  be  equally  illuminated,  evidently  they 
will  both  appear  exactly  similar  to  the  eye,  provided  the 
greased  paper  is  the  same  on  both  sides,  as  it  should  be. 
But  if  one  side  be  more  strongly  illuminated  than  the  other, 
the  plain  paper  will  on  that  side  look  brighter  than  the  grease 
spot ;  while  the  spot  will  look  brighter  than  the  paper  on  the 
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FIG.  57- 

other  side,  due  to  the  greater  transparency  of  the  greased 
portion.  The  arrangement  then  acts  as  a  sort  of  illumination 
balance.  Now,  to  verify  the  inverse  square  law,  light  one 
candle  on  one  side  and  two  on  the  other.  Let  the  illuminating 
power  of  each  candle  be  denoted  by  C.  They  should  burn 

<  iily  as  possible.     The  intensity  of  illumination 
distance  r  will  be  given  by 


if  the  law  be  true  for  this  luminous  r.uli.iimn.  Adjust  th< 
photometer  by  moving  the  candle  holders  till  the  illumination 
is  equal  on  the  two  sides.  Let  Rlt  rt,  r,  be  the  distances  of 
tin-  (.111.11.  •,  ham  .e  spot,  then  since  the  illumination 

is  the  same  on  both  sides  we  have 


_         _ 
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for  the  illumination  due  to  the  two  candles  (2  and  3)  is  obtained 
by  adding  their  contributions  together.  To  determine  the 
required  distances,  the  positions  on  the  rod  of  the  edges  of  the 
sliding  blocks  may  be  noted  and  allowance  made  for  the 
distances  of  the  candles  from  these  edges  ;  the  position  of 
the  central  stand  on  the  scale  must  also  be  observed.  The 
mean  distance  of  candles  2  and  3  may  be  used  instead  of  the 
separate  distances  (provided  that  candles  2  and  3  arc  mar 
together),  and  in  this  case,  calling  this  distance  R2,  we  have 

_C_         2C  I  2 

/V  *  R2*          R*  ~~  R2*' 

Repeat  with  three  and  with  four  candles  instead  of  with  two. 
Then 

£          2        _3_         4 
RS      R2*       R3*    '  R,z> 

these  fractions  being  proportional  to  the  four  illuminations, 
which  have  all  been  made  equal  by  adjustment.  Measure 
and  square  the  R's,  tabulate  and  see  to  what  approximation 
they  follow  the  proportion  1:2:3:4.  Repeat  using  candle 
i  at  a  different  distance  from  the  spot. 


ILLUMINATING  POWER  —  CANDLE  POWER 

Having  verified  the  inverse  square  law  by  the  use  of  several 
equal  sources  of  light,  we  may  use  it  to  determine  the 
illuminating  power  or  candle  power  of  some  other  source, 
by  comparison  with  a  candle.  Using  the  same  arrangement 
us  before,  we  may  substitute  the  new  source,  say  a  gas  flame, 
for  the  candles  on  one  side,  retaining  one  candle  on  the  other. 
When  equality  of  illumination  is  attained,  we  have,  letting 
C1  stand  for  the  illuminating  power  of  the  new  source  and 
R2  its  distance, 

C        C>  RS 

~'  -        ° 


If  C  be  one  standard  candle  power,  we  have  candle  power 

R2Z. 

of  source  numerically  =   r>  2 

Ki 

Another    simple    photometer    suitable    for    this    case    is 
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Rumford's  Shadow  Photometer.     The  two  sources  are  set 

up  on    the   same    side    of 

a  white  screen,  before  which 

a  vertical  rod  is  also  set  up. 

The  sources  are  so  arranged 

as   to    throw  shadows  side 

by  side  on  the  screen.     Fig. 

58   shows   a    plan    of    the 

arrangement.   Instead,  how- 

ever,  of  looking   on   Sl  as  FlG   5, 

the  shadow  of  source  Cl  we 

rather  consider  it  as  a  region  of  the  screen  illuminated  by  C2 

only,  while  S2  is  a  region  illuminated  by  Cl  only.     The  other 

parts  of  the  screen,  with  which  we  are  not  concerned,  are 

illuminated  by  both  sources. 

When  the  distances  Rlt  #2from  the  screen  are  so  adjusted  as 
to  give  equal  illumination  over  the  two  regions,  we  may  apply 
the  same  calculations  as  before.  This  method  is  not  con- 
venient for  use  with  more  than  two  sources  on  account  of  the 
different  shadows  produced.  A  little  thought  will  show  that 
the  room  in  which  this  experiment  with  the  shadow  photo- 
meter is  made  need  not  be  absolutely  dark,  apart  from  the 
actual  sources  used,  but  in  the  case  of  the  grease  spot  this  is 
practically  necessary,  for  any  unequal  illumination  of  the 
two  sides  by  the  other  light  in  the  room  would  obviously 
spoil  the  result. 

A  difficulty  occurs  in  balancing  illuminations  due  to  different 
sources,  as  these  sources  give  out  slightly  different  coloured 
lights.  This  will  be  observed  during  the  experiment  with  the 
shadow  photometer.  The  illuminated  regions  will  be  pen  <  ].- 
tibly  different  in  colour.  The  only  way  is  to  adjust  till  the 
intensities  are  judged  to  be  as  equal  as  possible.  Strictly, 
of  course.  \ve  cannot  speak  of  the  absolute  equality  of  the 
intensities  of  two  illuminations  which  arc  diiteivnt  from  one 
another  in  quality.  Try,  howev.  r.  the  effect  of  partly  closing 
the  ey«-s  when  estimating  the  equality  of  the  intensities. 
e  above  experiments  are  all  based  on  tin-  fart  that  1 
and  radiation  generally,  travels  in  straight  lm«  ^.  Optical 

Icpend  on  the  fact  that  the  directions  of 
or  rays  •  ction  or  i  tt.     Much 

of  the  study  <>i  -ncerned  with  this  question 

tanging  t  MMH  of  rays. 
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REFLECTION 

The  direction  of  the  ray  reflected  by  any  surface,  plane  or 
curved,  is  governed  by  the  laws  which  state  that  the  incident 
ray,  the  normal  to  the  surface  at  the  point  of  incidence,  and  the 
reflected  ray  lie  in  the  same  plane,  and  that  the  angle  of 
reflection  is  equal  to  the  angle  of  incidence,  these  angles  being 
on  opposite  sides  of  the  normal. 

An  ordinary  mirror,  silvered  at  the  back,  is  not  a  simple 
reflector.  Rome  rays  are  reflected  from  the  front  surface  ; 
some  enter  the  glass,  being  bent  as  they  do  so,  and  are  reflected 
by  the  silvered  surface.  Of  these  some  emerge,  others  are 


\ 


FIG.  59. 


internally  reflected  by  the  glass  surface  back  to  the  silvered 
surface,  and  so  on.  The  most  intense  of  the  beams  which 
emerge  is  that  which  has  suffered  one  reflection  at  the  silvered 
surface — its  path  is  shown  in  Fig.  59  I.  The  mirror  acts 
practically  for  this  beam  as  though  it  were  a  simple  reflecting 
surface  shown  by  the  dotted  line.  Strictly,  however,  the 
position  of  this  line  depends  on  the  angle  of  incidence  of  the 
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ray,  being  a  little  nearer  to  the  silvered  surface  for  more 
perpendicular  incidence.  For  accurate  optical  work  such  a 
mirror  is  useless.  A  mirror  of  glass  silvered  on  the  front  is 
sometimes  used,  or  simply  a  polished  plate  of  metal.  Or  a 
totally  reflecting  prism  may  be  used. 

Using  an  ordinary  mirror,  the  equality  of  angles  of  incidence 
and  reflection  can  be  demonstrated  in  the  following  way: 
Set  up  the  mirror  perpendicular  to  a  sheet  of  paper  pinned  on 
a  drawing-board,  with  its  back  edge  along  a  line  previously 
drawn  on  the  paper.  Set  up  pins  I  and  2  as  shown  in  the 
plan  II,  and,  observing  from  E,  set  up  3  and  4  in  line  with  the 
images  of  I  and  2.  Remove  the  mirror  and  pins,  and  draw 
the  lines  I,  2  and  3,  4.  They  meet  at  a  point  a  little  in  front 
of  the  original  line.  Draw  a  normal  to  this  through  the  point 
of  intersection.  Measure  angles  of  incidence  and  reflection 
with  a  protractor.  Repeat  for  two  or  three  other  angles  of 
incidence.  In  all  these  pin  experiments  the  two  pins  which 
serve  to  fix  a  ray  should  be  at  least  3  inches  apart.  If  they 
are  too  close  together  the  direction  cannot  be  drawn 
with  any  accuracy. 

The  laws  of  reflection  lead  to  the  conclusion  that  the  image 
of  a  point  in  front  of  a  plane  mirror  lies  on  the  same  normal 
as  the  point,  as  far  behind  the  mirror  as  the  point  is  in  front 
of  it.  Set  up  pin  I  (Fig.  60  I)  in  front  of  the  mirror,  which 
for  this  experiment  should  be  a  narrow  strip,  and  adjust  a 
tall  pin  behind  the  mirror  so  that  its  upper  portion  appears 
to  be  a  continuation  of  the  image  of  the  first  pin  viewed  from 
the  front  of  the  mirror.  Alter  the  view  point  from  side  to 
side.  If  pin  2  and  image  move  relatively  to  one  another, 
readjust  2  until  this  does  not  occur  however  the  view  point 
be  moved.  Then  2  occupies  the  position  of  the  image  of  i. 
Now,  two  objects,  A,  B,  Fig.  60  II,  viewed  from  E  may  seem 
to  coincide,  but  from  El  A  appears  to  the  left  of  B  and  from 
Et  to  the  right.  This  apparent  displacement  of  an  object  due  to 
Uion  of  view  point  is  called  Parallax.  Suppose  B  to  be 
th»  image  of  i  as  seen  in  the  mirror,  and  A  to  be  pin  2.  Then 
A  mi  IN  t  be  moved  backwards  and  forwards  along  the  lino 
A  K  till  no  parallax  occurs  as  the  eye  point  is  varied.  Then 
A  and  B  coincide.  The  position  of  the  image  is  thus  located. 
Remove  mirror,  and  join  points  I  and  2.  Verify  the 
mrnt  k'iven  ai 

Another  rmtho<l  i    t«>  trace  two  or  more  reflected  rays  by 
which  the  eye  sees  the  imaiv  from  different  points  of  view,  by 
up  pins  in  line  with  the  image,  and  then  produce  the 
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lines  back  till  they  meet  behind  the  mirror.     Thus  the  image 
is  located  (Fig.  60  III). 


Ei 


II 


\ 

Ez 


FIG.  60. 


THE  SEXTANT 

A  simple  instrument,  depending  on  reflection,  for  measuring 
the  angular  distance  between  distant  objects  can  easily  be 
made.  On  a  triangular  piece  of  wood  draw  two  lines  A  B, 
A  C  (Fig.  61),  about  8  inches  long,  making  an  angle  of  60°. 
Draw  the  arc  B  C  and  graduate  it,  or  a  piece  of  paper  stuck 
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on  to  the  wood,  by  help  of  a  protractor.  But  call  each  degree 
division  2°,  and  the  whole  60°,  120°.  Fit  a  piece  of  wood  A  D 
so  that  it  can  turn  about  a  pivot  at  the  point  A.  The  end  D 
must  have  a  mark  to  enable  its  position  on  the  scale  BC  to 
be  read  off.  At  A  fix  vertically  (on  the  piece  A  D)  a  small 
mirror,  about  ij  inches  square,  its  edge  parallel  to  AD.  The 
point  A  should  be  a  little  in  front  of  the  silvered  surface,  so 
that  incident  and  reflected  rays  produced  into  the  glass 
would  meet  as  nearly  as  possible  at  that  point.  (See  Fig.  59  I.) 
At  E  set  up  a  piece  of  wood  having  an  eye-hole  at  the  same 
it  above  the  base  as  the  centre  of  the  mirror  A.  At  F 
A  1-  —  A  E)  set  up  a  mirror  similar  to  A.  but  with  the  upper 


half  of  tlu'  silvering  scraped  away.  This  mirror  must  be 
parallel  to  the  line  A  C,  and  must  be  arranged  so  that  it  is  at 

ame  height  above  the  base  as  the  mirror  A,  and  it  must 
allow  the  pointer  D  to  pass  under  it  as  far  as  the  120°  division. 
A  ray  passing  from  A  to  F  exactly  over  the  line  A  B  should 
be  n  bole  K  if  tin-  adjustment   is  .  - 

Also  when  D  is  at  zero,  mirror  A  being  |ui.il!rl  to  F,  should 
reflect  a  ray  which  falls  on  its  r.-ntre,  and  whose  original 
direction  is  parallel  to  FE,  along  AF.  This  ray  will  finally 

i;e  through  E.     Set  the  instrument  thus,  and  look  through 
istant  point,  holding  the  sextant  so  as  to  vi« 
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object  through  F  as  nearly  as  possible  at  the  centre  of  the 
line  dividing  the  silvered  from  the  clear  portion.  Observe 
also  the  image  of  the  same  distant  point  by  reflection  at  A 
and  silvered  part  of  F,  adjusting  D  slightly  if  necessary  so 
as  to  make  the  image  appear  to  touch  the  object  viewed 
directly.  Note  any  difference  between  D  and  the  zero  of 
scale,  and  in  using  the  instrument  always  make  allowance 
for  this  "  zero  error."  If,  for  instance,  D  reads  3°  when  it 
should  read  o°,  it  will  read  23°  when  it  should  read  20°,  and  so 
on. 

Now  apply  the  instrument  to  determine  the  angular  distance 
between  two  objects.  Observe  one  directly  through  E  and  F, 
and  turn  D  till  the  other  is  visible  by  the  two  reflections 
as  nearly  as  possible  in  coincidence  with  the  first.  The 
reading  of  D,  subject  to  correction  for  zero  error,  will  give  the 
angle  required.  If  we  imagine  the  rays  to  be  reversed,  so  as 
to  leave  the  eye  and  pass  on,  one  directly  through  F  and  the 
other  by  two  reflections  along  a  line  parallel  to  E  F  (D  being 
at  zero),  then  as  A  D  is  turned  through  any  angle  the  imaginary 
reflected  ray  from  A  will  turn  through  twice  this  angle. 
When  it  takes  up  its  final  position,  the  angle  between  it  and 
FE  will  be  twice  the  angle  turned  through  by  AD.  Thus 
the  reading  of  D  on  the  doubled  scale  will  equal  the  angle 
between  the  rays  which  actually  reach  the  place  of  observa- 
tion from  the  two  objects.  The  slight  lateral  displacement  of 
the  twice  reflected  ray,  from  A  to  F,  is  immaterial  when  the 
objects  viewed  are  distant. 

The  altitude  of  the  sun  at  noon  may  be  observed  by  means 
of  the  sextant  and  an  artificial  horizon — consisting  merely  of 
a  dish  of  mercury — which  gives  a  horizontal  reflecting  surface. 
A  piece  of  smoked  glass  must  be  fixed  over  E  to  protect  the 
eye.  The  objects  viewed  are  the  sun  and  its  image  in  the 
mercury.  The  angle  obtained  will,  of  course,  be  double  the 
altitude  of  the  sun. 


REFRACTION 

The  direction  of  a  ray  refracted  at  any  surface,  plane  or 
curved,  is  governed  by  laws  which  state  that  the  incident 
ray,  the  normal  to  the  surface  at  the  point  of  incidence,  and 
the  refracted  ray  lie  in  one  plane,  and  that  the  ratio  of  the 
sine  of  the  angle  of  incidence  to  the  sine  of  the  angle  of  refrac- 
tion is  constant,  the  rays  being  on  opposite  sides  of  the  normal. 
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The  constant  ratio  referred  to  is  called  the  Refractive  Index, 
and  is  denoted  by  {A,  thus  [a  =  -.  — ,  »  and  r  being  the  angles 

of  incidence  and  refraction.  It  is  a  constant  for  a  given  pair 
of  media,  separated  by  the  surface  at  which  refraction  takes 
place,  and  for  a  given  wave  length  of  light. 

To  determine  \L  for  a  specimen  of  glass  in  the  shape  of  a 
block  with  plane  faces  perpendicular  to  its  base — which  faces 
need  not  be  parallel — set  the  block  on  a  sheet  of  paper  on  a 
board  and  fix  two  pins  to  mark  out  an  incident  ray,  such  as 
i,  2,  Fig.  62  I.  Look  through  at  the  images  of  these  from  the 
opposite  face,  and  set  up  two  pins,  3,  4,  in  line  with  them. 
Trace  with  a  sharply  pointed  pencil  the  two  faces  of  the  block, 
remove  and  draw  in  the  incident  and 
emergent  rays.  Join  the  points 
where  these  cut  the  traces  of  the 
block  ;  this  line  gives  the  track  of 
the  ray  inside  the  glass.  For  greater 
accuracy  always  observe  the  lower 
parts  of  the  pins,  so  as  to  avoid 
errors  due  to  the  pins  being  slightly 
out  of  the  vertical.  Consider  the  first 
point  of  incidence.  Produce  the 
refracted  ray  (that  in  the  glass)  if 
necessary,  and  draw  a  circle  about  the 
point  of  incidence  of,  say,  5  < 
radius  (Fig.  62  II).  Draw  the  normal 
surface  at  the  point  of 
m<  id-  lire,  and  perpendiculars  to  tin- 

i   the  points   where    the   incident 
and  d    rays   cut    the    cii< 

ratio    of    the    lengths    of    these   - 
perpendiculars  is  equal  to  n,  for  th 

proportional  to  the  sines  of  tin 
angl  and    refraction 

vely.     Several  different  an 

nee  should  h  tin-  62 

constancy  of  y.  verified.     If  the  faces 

of    the  block  be  parallel,  the   finally  emergent  ray  will   be 
parallel  to.  but  lat«  rally  displaced  from,  the  incident  ray. 
Total  intern. d  r,  flection  CUD  be  illustrated  by  means  of  a 

angular.     The  arrangement  of 

Is  illustrated  in  Fig.  (>.}.  the  view  point  being  at  E. 

i  nal  parts  of  the  ray  can  easily  be  drawn  in  and  the  outline 

10 
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of  the  block  traced.  Assuming  that  the  laws  of  reflection 
hold  at  the  point  A,  this  point  can  be  determined  geometrically 
by  the  dotted  construction,  where  CD  =  BC.  The  straight 
line  joining  the  first  point  of  incidence  with  D  cuts  the  reflect- 


FIG.  63. 

ing  face  at  A,  and  AB  gives  the  track  of  the  reflected  ray. 
The  simple  proof  is  left  to  the  reader.  It  is  convenient  to 
use  an  angle  of  about  45°  with  the  normal  for  the  incident 
ray. 


FIG.  64, 


DEVIATION  BY  PRISM 

Set  up  on  end  a  triangular  prism  of  glass  and  a  pin  P, 
Fig.  64,  a  few  cms.  from  one  face.     Observe  from  a  point  such 
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as  E!  and  put  in  two  pins  to  track  the  emergent  ray.  Repeat 
from  one  or  two  other  view  points  Ea,  etc.  In  each  case  fix 
an  extra  pin  between  P  and  the  prism  to  track  the  incident 
ray.  Trace  outline  of  prism,  and  remove.  Draw  in  the  rays, 
including  the  portions  in  the  glass,  and  produce  the  emergent 
rays  backwards.  These  will  approximately  meet  at  a  point 
which  will  indicate  the  position  of  the  image  of  P  as  seen 
through  the  prism.  This,  of  course,  can  be  located  without 
using  the  extra  pins,  but  the  paths  of  the  rays  in  the  glass 
could  not  then  be  obtained. 

The  angle  between  an  incident  and   the   corresponding 
emergent  ray  is  called  the  Deviation.     This  has  a  minimum 


I 
i  to.  65. 

value  which  can  be  determined  as  follows,  the-  result   1 
required  for  the  determination  of  the  n  {ia<  ti\v  ind<  \  of  the 
glass,  which  is  given  by  the  formula 
_  sin  I  (D  -f  A) 

sin  J4 

where    D  =  minimum    deviation    and    /I  =  refracting    an^le 
of  the  JUIMII.  maiked  .1  in  th< 

Minimum  Deviation,    1st  Method.     Plot  a  sit   of   incident 
and  emergent  rays,  using  dilleient  angles  of  incn  Some 
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rays  will  not  emerge  from  the  second  face  of  the  prism,  but 
will  be  totally  reflected.  But  use  the  greatest  range  of 
incident  rays  possible.  Produce  the  rays,  after  removing 
the  prism,  as  indicated  in  Fig.  65  I,  and  measure  D  for  each 
case.  Plot  a  curve  using  angles  of  incidence  for  abscissae 
and  the  corresponding  deviations  for  ordinates.  Observe 
the  minimum  value  of  D  shown  by  the  curve. 

2nd  Method.  Set  up  pins  I,  2  (Fig.  65  II)  to  fix  an  incident 
ray  and  observe  these  through  the  prism  from  a  point  such 
as  E.  Rotate  the  prism  on  its  base,  when  it  will  be  found 
that  the  emergent  ray  moves  a  certain  distance  in  the  direction 
of  E'  and  then  moves  back  towards  E.  Follow  with  the  eye, 
always  keeping  the  images  of  I  and  2  in  the  line  of  sight,  and 
when  the  extreme  position  towards  E'  is  reached,  put  in  a 
pin  to  mark  it.  Test  again  by  rotating  the  prism  both  ways, 
and  then  put  a  fourth  pin  to  fix  the  direction  of  the  emergent 
ray.  Remove  prism,  and  draw  and  produce  the  two  rays, 
and  measure  the  angle  between  them.  This  is  the  angle  of 
minimum  deviation.  Compare  it  with  that  obtained  from 
the  graph  in  Method  i. 


ANGLE  OF  PRISM 

It  is  necessary  to  determine  the  angle  A .    Draw  two  parallel 
lines  (Fig.  66)  about  i  cm.  apart  and  place  the  prism  so  that 

its  refracting  angle  lies  between 
them.  Set  up  two  pins  to 
indicate  the  incident  ray  on 
one  of  the  lines,  and  observe 
the  reflections  of  these  in  the 
corresponding  face,  and  fix 
the  reflected  ray  by  two  more 
pins.  Do  the  same  for  the 
second  face  without  moving 
the  prism.  The  angle  between 
the  two  reflected  rays  is  twice 
the  angle  A  of  the  prism. 
The  prism  need  not  necessarily 
be  placed  symmetrically  with 
respect  to  the  two  lines.  The 
geometrical  proof  is  left  to  the  reader.  The  accuracy  of  the 
determination  may  be  checked  by  measuring  in  the  same  way 


FIG.  (.6. 
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all  three  angles  of  the  prism  and  adding.     The   sum,  of 
course,  should  be  180°. 

Having  found  minimum  deviation  and  angle  of  the  prism, 
apply  the  formula  to  find  the  refractive  index  of  the  glass. 
Check  the  result  by  making  a  determination  of  pt  by  the 
microscope  method  as  used  for  a  liquid.  Make  a  mark  on  a 
flat  board  and  observe  it  from  above  by  the  microscope. 
Place  the  prism  upright  on  the  mark,  and  view  the  image 
through  the  upper  flat  end  of  the  prism.  Observe  also  this 
end  through  the  microscope,  and  calculate  (z.  Before  taking 
readings,  see  that  the  microscope  is  so  placed  that  the  extreme 
points  to  be  observed  come  within  the  range  of  the  instrument. 
It  often  saves  much  time  to  run  rapidly  over  an  experiment 
before  commencing  accurate  observations,  in  order  to  see  that 
the  various  parts  of  the  apparatus  used  are  in  proper  adjust- 
ment. The  time  spent  in  careful  observation  of  the  mark 
and  its  image  through  the  glass  in  the  above  experiment  is 
wasted  if  it  be  afterwards  found  that  the  upper  surface  cannot 
be  observed  without  altering  the  position  of  the  microscope. 


REFLECTION  AT  A  CONCAVE  SURFACE 

So  far  we  have  dealt  with  reflection  and  refraction  of 
visual  rays  only.     Set  up  two  large  concave  mirrors  facing 
one  another,  several  feet  apart,  in  a  darkened  room.    In  front 
of  one,  opposite  its  centre,  set  up  a  source  of  light  such  as  an 
-ic  lamp,  and  shade  the  side  remote  from  the  mirror. 
Adjust  till  an  approximately  parallel  beam  of  light  is  reflected 
e  other  mirror.     Find  the  position  of  the  principal  focus 
}'j.  67  I)  of  the  second  mirror  by  holding  up  a  small 
card  to  receive  the  rays.    Set  up  shades,  like  A.    Now  light  up 
th«  nxun.  and  replace  the  lamp  by  a  nearly  red  hot  metal  ball, 
still  keeping  the  shades  in  position.     At  F  hold  the  bulb 
of  a  th-  :  r,  or  some  kind  of  thermoscope.     It  will 

indicate  the  ;,  »f  intense  radiation.     Move  it  slight Iv 

to   one   side,    and    little    radiation    will   bo   indicated. 
shows  that  the  dark  thermal  radiation  is  reiVcted  in  the  same 
way  as  li^ht. 

'•-.ill  by  a  wateh.  taking  care  that  this 
in  tlv    position  previously  occupied  by 
lamp.     At  F  hold  a  funnel  connected  to  a  rubber  tube  which 

;1   will   be 

heard  di<tin.-tly,   but   hardly,   if  at    all.   when    the   funi, 
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slightly  displaced.    Thus  we  see  that  sound  is  also  reflected 
according  to  the  same  laws  as  light. 

OPTICAL  INSTRUMENTS. 

These  are  instruments  which  cause  rays  of  light,  which 
diverge  from  certain  points,  to  converge  to,  or  diverge  from, 
other  points,  or  to  appear  to  do  so.  Take  the  case  of  a  plane 
mirror,  if  we  may  call  it  an  optical  instrument.  Rays 
diverging  from  A,  Fig.  68  I,  are  made  to  diverge  from  A'  or 
to  leave  the  mirror  as  though  they  did  so.  The  eye  at  E 
receiving  some  of  these  rays  sees  the  "  image  "  of  A  at  A'. 
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FIG.  67. 

Take  three  points,  ABC,  representing  an  extended  object. 
If  a  real  object  exactly  equal  to  the  image  A'  B'  C'  were  placed 
at  A'  B'  C',  the  mirror  might  be  removed,  and  if  a  clear  way 
from  E  were  open,  the  appearance  would  be  the  same  to  the 
eye.  The  function  of  an  optical  instrument  may  thus  be 
said  to  be  the  formation  of  a  suitable  image  of  a  given  object. 
The  eye  then  looks  at  this  image  just  as  though  it  were  a  real 
object,  and  the  optical  instrument  were  out  of  the  way 
altogether.  Note  the  relation  between  ABC  and  A'  B'  C'. 


KADIATIOX 
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The  lines  A  A',  B  B',  C  C'  are  parallel  to  each  other.      A  plane 
mirror,  then,  produces  an  image  (which  is  a  virtual 
A   B'  C'  of  A  B  C,  where  A  A',  B  B',  CC'  are  parallel.   We  hu\v 
already  dealt  practically  with  the  plane  mirror. 

Next  consider  a  Magnifying  Glass,  or  Simple  Microscope 
(Fig.  69  I) .  Rays  which  actually  diverge  from  A,  B  and  C 
are  made  to  diverge  (or  to  appear  to  do  so)  after  they  have 
passed  through  the  lens  from  A',  B',  and  C'.  In  this  case  the 
lines  A  A',  B  B',  C  C'  meet  at  a  point  (the  optical  centre  of  the 


instead  of  belli. ur  parallel  as  in  the  last  COSC.    Th 

i  concave  lens.      A  concave  minor  (Fig.  69  II)  also 
images  A1  iv  C  such  that  the  lines  A  A',  BB',  £C 

at  a  point  (uhi<  h  is  th<-  rrntrc  of  curvature  of  tin-  mirror). 
Tin-  true  fora  convex  miner.     In  the  cases  \\v  have 

chosen  the  object  and  imago  lie  on  planes  perpendicul 

th«  the  lensei  an.l  ^.h.Ti.-.ii  min- 
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Suppose  an  enlarged  image  is  required  on  the  same  plane 
as  the  object.     In  this  case  a  single  lens  or  reflecting  surface 


c' 


will  not  suffice.     Take  the  case  of  the  compound  microscope, 
and  suppose  the  condition  specified  to  be  required  Fig.  70. 


c1  K- 


FIG.  70. 


First,  a  lens,  having  its  optical  centre  at  O,  is  used  to  throw 
an  image  A,   B,   C/.     Another  at  0'  then  gives  an  image 
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A'  B'  C'  using  A,  B,  C,  as  its  object.  In  each  of  the  above 
diagrams  a  pencil  of  rays  is  traced  showing  the  formation 
of  the  image  A'.  In  each  case  we  may  imagine  A'  B'  C'  to 
be  an  actual  object  viewed  by  the  eye  with  the  optical  instru- 
ment itself  removed.  The  rays  which  actually  enter  the  eye 
after  passing  the  instrument  are  just  the  same  as  if  they  came 
from  the  supposed  object  at  A'  B'  C',  no  instrument  being 
present. 

In  the  compound  microscope,  even  if  the 
image  were  not  required  to  be  in  the  plane  of 
the  object,  but  in  such  a  position  as  shown  in 
Fig.  71,  two  lenses  would  be  required  practically, 
the  angle  being  too  wide  for  a  real  lens  to 
produce,  or  to  enable  the  rays  to  enter  the  eye 
even  if  produced. 

The  points  A,  A',  etc.,  are  called  Conjugate 
Foci  in  the  case  of  a  lens  or  spherical  mirror. 
The  law  connecting  their  distances  from  lens 
or  mirror  is  given  by 

I  *  u  =  T 

the  +  sign  relating  to  the  mirror  and  the  —  to 
the  lens.  In  the  formula  u  denotes  distance  of  object  from  lens 
or  mirror,  v  distance  of  image,  and  /  is  a  constant,  depending 
on  the  particular  lens  or  mirror,  called  the  focal  length.  All 
these  lengths  are  measured  from  lens  or  mirror  in  the  direction 
from  which  the  incident  light  comes.  It  is  evidently  of  impor- 
tance to  know  the  value  of  /  for  each  lens  and  mirror  used. 
In  the  case  of  a  mirror,  /  is  equal  to  half  the  radius  of 
curvature,  r,  so  determination  of  r  may  be  made  if  more 
convenient.  In  the  case  of  a  lens 


where  Fti*  ti  of  curvature  of  the  surface  of  th< 

on  w;  IJLjht  is  incident,  and  r,  of  that  from  which  it 

tn<l  r2  bein.q  1  from  the  lens  in  the 

!  above.     Thus  if  tln-se  radii  were  known, 
and  also  tli.  i  /could  b<  caK  n! 

FOCAL  LENGTHS  OF  LENSES 

Use  an  optical  ;  r  long  graduated 

bar  fitted  with  sliding  stands  for  lenses,  etc.  (Fig.  72).     For 
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object  a  suitable  arrangement  consists  of  a  piece  of  fine  wire 
gauze  fixed  in  a  hole  flush  with  the  front  of  a  small  lamp  box. 
The  front  itself  should  be  whitened  so  as  to  act  as  a  screen  in 
the  same  plane  as  the  object.  A  measuring  rod  of  known 


FIG.  72. 

length  attached  to  a  sliding  stand  which  has  a  pointer  moving 
over  the  scale  on  the  graduated  bar  is  also  .necessary. 

Arrange  the  illuminated  object,  lens,  and  a  separate  screen, 
so  as  to  obtain  a  clear  image  of  the  gauze.  The  distance  from 
object  to  screen  must  be  at  least  four  times  the  focal  length 
(numerically — the  focal  length  of  the  convex  lense  is  negative) 


or  no  clear  image  can  be  formed.  If  they  be  this  distance 
apart  the  lens  will  be  midway  between  them.  If  farther 
apart,  two  possible  positions  of  the  lens  can  be  found,  one 
giving  an  enlarged  and  the  other  a  reduced  image.  If  the 
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former,  the  arrangement  is  that  of  the  optical  lantern.  If 
possible,  try  the  effect  of  interposing  a  lens  (called  a  condenser 
when  thus  used)  between  lamp  and  gauze,  inside  the  box,  of 
such  focal  length  as  to  concentrate  the  beam  of  light  on  to 
the  other  lens.  Fig.  73  I  and  II  show  the  arrangement 
without  and  with  the  condenser. 

To  determine  /,  measure  distance  from  lens  to  object  and 
from  lens  to  image.  Use  the  measuring  rod,  bringing  it  first 
into  contact  with  the  gauze  and  then  with  the  surface  of  the 
lens  next  the  gauze,  and  take  readings  of  its  pointer.  The 
distance  required  is  equal  to  the  distance  moved  by  the  rod 
plus  its  own  length.  Repeat  on  the  other  side  of  the  lens. 
Half  the  thickness  of  the  lens  may,  for  greater  accuracy,  be 
added  to  each  measurement.  This  can  be  deduced  from  the 
two  readings  of  the  pointer  taken  when  the  rod  touched  the 
faces  of  the  lens.  A  little  thought  will  show  how  to  do  this  ; 
perhaps  the  help  of  a  little  diagram  will  be  useful.  (Always 
make  plenty  of  simple  diagrams  to  illustrate  the  various 
points  which  arise  in  the  study  of  lenses,  etc.)  Suppose 
distance  of  object  from  lens  to  be  20  cms.,  and  distance  of 
image  on  the  other  side  of  lens  30  cms.  Substitute  in  the 

formula      —      —  -    *  the  values  20  for  u  and  — 30  for  v, 
v        u       f 

for  the  image  is  on   the  negative  side  of   the  lens.     Then 
— : —_L   from  which   f  is  found   to  be  — 12,  i.e.. 

(—30)          20         f 

/=  —12  cms.  Repeat  for  the  second  position  of  the  lens, 
object  and  screen  being  as  before,  and  also  for  several  different 
distances  of  object  to  screen. 

Another  method,  which  occupies  a  shorter  length  of  the 
!i.  is  as  follows.      Set  up  object  box,  lens,  and  a  plane 


74- 

•Numerical*'  :ithisr,p; 

kind  of  tyjx  for   symlx  resent 

values  of  physical  iiu.intilu.-s  is  line  us<-d.     This  need  not 

disturb  th 
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mirror  in  line,  as  in  Fig.  74.  Adjust  the  lens  till  an  image  is 
thrown  on  the  box  close  beside  the  object.  In  this  case 
the  rays  which  return  from  the  plane  mirror  practically 
retrace  their  original  paths,  except  for  a  necessary  displace- 
ment to  enable  the  image  to  fall  a  little  to  one  side  of  the 
object.  This  can  only  be  the  case  if  the  rays  fall  on  the  mirror 
in  a  parallel  beam.  Now  consider  only  the  returning  rays. 
They,  being  parallel,  may  be  considered  as  coming  on  to  the 
lens  from  an  infinitely  distant  object  and  forming  an  image 
on  the  box.  The  distance  from  lens  to  box  is  then  equal 
to  the  focal  length,  for  since  u  is  infinite  we  have 
i  i 

i-°"7  or  v'=f- 

The  focal  lengths  of  a  long  and  a  short  focus  lens  should  be 
determined  ;  they  will  be  required  for  subsequent  use  in  the 
setting  up  of  optical  instruments. 

II.  Concave  Lens.  Combine  with  a  short  focus  convex 
lens  of  known  focal  length,  and  use  the  pair  as  a  convex  lens. 
The  focal  length  /  of  the  combination  is  given  by 

r=7i+/7 

where  fv  /2  are  the  focal  lengths  of  the  separate  lenses ;  hence 
that  of  the  concave  can  be  found.  If  a  suitable  convex  be 
not  available,  the  following  method  may  be  used.  Set  up 
object,  a  convex  lens,  and  screen,  on  which  obtain  an  image. 
Interpose  the  concave  lens,  backed  by  a  plane  mirror  (Fig.  75), 


FIG.  75- 

and  adjust  it  so  that  an  image  is  thrown  back  to  the  object. 
Then  the  rays,  after  leaving  the  concave  lens  on  their  outward 
journey,  must  be  parallel.  (That  is  the  set  of  rays  which 
originally  diverge  from  one  point  of  the  object.)  The  distance 
from  the  concave  lens  to  the  screen  on  which  the  convex 
lens  threw  the  original  image  is  equal  to  the  focal  length  of 
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the  concave  lens.  For  a  system  of  rays  converging  to  a  point 
falls  on  the  concave  lens  and  is  rendered  parallel.  That  point 
is  therefore  the  principal  focus  of  the  lens  (Fig.  76). 

The  focal  length  of  a  short  focus  concave  lens  will  be  required 
for  subsequent  work. 


FIG.  76. 

III.  Concave  Mirror.  Set  up  the  mirror  facing  the  object 
and  at  such  a  distance  as  to  form  an  image  close  to  the  object. 
Then  the  distance  of  either  from  the  mirror  is  equal  to  the 
radius  of  curvature,  for  the  rays  practically  retrace  their  own 
paths  and  must  therefore  fall  normally  on  the  mirror  at  each 
point.  The  slight  displacement  necessary  to  cause  the  image 
to  fall  to  one  side  of  the  object  hardly  affects  the  distance. 
Object  and  image  at  different  distances  may  be  used  by 


IMG.  77. 


jg  up  a  very  small  screen  between  object  and   mirror, 
facing  th.  :          |  case  the  distance  betuvm  object 

and  mirror  must  be  great rr  than  before. 

Use  as  concave  mirrors  the  surfaces  of  the  concave  lens. 

IV.   Convex   Mirror.      Use    the   surfaces   of   the   convex 
:  tlu-in.     Set  up  an  auxiliary  lens  to 

throw  an  image  on  to  the  screen.      Interpose  the  mirror 
(Fig.  77)  at  such  a  distance  as  to  throw  back  an  image  to  the 
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plane  of  the  object.  Then  the  rays  reflected  must  retrace 
their  own  paths,  and  therefore  they  were  incident  normally  on 
the  convex  surface.  Therefore  these  incident  rays  produced 
must  meet  at  the  centre  of  curvature  of  the  surface.  But 
they  met  at  the  screen  before  the  surface  was  interposed. 
Therefore  the  distance  from  the  surface  to  the  screen  is 
numerically  equal  to  the  radius  of  curvature.  The  radius 
is  negative  in  this  case,  being  on  the  side  opposite  to  that 
from  which  the  incident  light  arrives. 

Check  the  values  of  radius  of  curvature  in  all  cases  by  means 
of  the  spherometer,  as  explained  below,  and  calculate  the 
refractive  index  of  the  glass  of  which  each  lens  is  made  by 

means  of  the  formula  ^  =  (^  —  i)( ),  taking  care 

Vri       r27 

to  apply  the  correct  signs  to  the  numerical  quantities 
substituted. 


THE  SPHEROMETER 

This  is  a  little  three-legged  instrument  (Fig.  78)  with  a 
central  screwed  pin  having  a  graduated  head — frequently 


J_T 


FIG.  78. 

divided  into  100  parts.  A  side  mm.  scale  enables  the  value 
of  the  pitch  of  the  screw  to  be  determined.  For  this  purpose 
the  screw  should  be  rotated  a  definite  number  of  times,  and 
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tin-  traverse  noted  on  the  side  scale.  The  pitch  will  probably 
be  i  mm.  or  £  mm. — it  should  have  an  exact  value  in  mms. 
or  else  it  would  be  impossible  to  estimate  it  correctly  by  this 
means. 

To  use  the  instrument  place  it  on  a  piece  of  plate  glass, 
and  screw  the  pin  till  it  just  touches  the  plate.  If  screwed 
slightly  too  far,  the  spherometer  can  be  rocked  by  the  fingers  ; 
with  a  little  practice  great  accuracy  can  be  attained  in  the 
adjustment.  Read  the  graduated  head,  and  place  the 
spherometer  on  the  spherical  surface.  Screw  up  or  down  as 


R  \ 


R-H 


ELEVATION. 


PLAN 


FIG.  79. 

may  be,  till  all  four  feet  accurately  touch  the  surf.uv. 

Count  th<-  number  of  turns,  and  determine  thejodd  hundivdtlis 

.1^.1111  reading  tin-  head.     Thus  the  number  of 

turns  is  obtained  to  two  decimal  places.     Convert  this  to  nuns. 

of  traverse  by  a  knowledge  of  the  value  of  one  turn  of  the 

ady  found.     Th<    distance  //,  Fig.  79.  is  thus 

determined.     Now  R  being  the  radius  of  curvature 


/?« 


or 


(If  _//)»  + 

I»  +  tf« 

,//    • 
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To  determine  L,  level  the  instrument  and  press  gently  the 
four  points  on  to  a  sheet  of  paper.  Remove  and  measure 
the  distance  from  centre  mark  to  each  of  the  others.  Take 
the  mean  value  if  these  are  not  identical,  in  this  way  practi- 
cally eliminating  any  error  due  to  slight  want  of  symmetry 
of  the  instrument. 

Work  out  on  similar  lines  the  expression  for  R  for  a  concave 
surface. 

The  spherometer  can  also  be  used  for  measuring  the  thick- 
ness of  a  small  object,  which  can  be  placed  on  the  plate  of 
glass  under  the  central  screw,  and  for  other  purposes  for 
which  fine  measurements  of  a  similar  kind  are  required. 


OPTICAL  INSTRUMENTS. 

I.  Astronomical  Telescope.  For  this  experiment  a  smooth 
metal  rod  or  tube  set  up  on  a  stand  by  means  of  a  lug  and  pivot 
may  be  used.  Frames  in  which  the  lenses  can  be  fitted, 
provided  with  springs  as  shown  in  Fig.  80,  to  clip  the  rod 


o 


FIG.  80. 

complete  the  apparatus.  Set  up  the  short  focus  convex 
lens  at  one  end  to  form  the  eye-piece,  and  the  long  focus 
one  at  a  distance  numerically  equal  to  the  sum  of  the  focal 
lengths  for  the  object-glass.  Observe  a  distant  object,  and 
make  any  slight  adjustment  which  may  be  necessary.  Draw 
to  scale  a  diagram  showing  the  path  of  a  pencil  of  rays  (as 
from  one  point  of  the  object)  to  the  eye,  and  produce  the  rays, 
which  enter  the  eye,  backwards  to  indicate  the  position  of 
the  image  observed.  Since  the  object  is  distant,  the  original 
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pencil  from  one  point  of  it  is  practically  parallel,  and,  if  the 
adjustment  be  as  above  described,  the  image  is  also  distant, 
so  the  rays  entering  the  eye  are  parallel  to  one  another.  The 
diagram  is  shown  in  Fig.  81.  The  dotted  line  A  B  is  a  con- 


struction  line  necessary  to  give  the  direction  of  the  emergent 
pencil.  If  one  of  the  actual  rays  from  A  passed  through  the 
centre  of  the  eye-piece  it  would  be  undeviated,  and  A  being 
in  the  "  focal  plane  "  of  the  eye-piece  all  other  rays  from  that 
point  would  emerge  parallel  to  this  one.  Hence  the  reason 
for  the  construction  adopted. 

II.  The  same  used  as  an  Observing  Telescope  for  near 
object.  Draw  out  the  telescope  by  moving  the  object-glass 
farther  along  the  rod,  till  the  object  is  clearly  visible.  For 
the  sake  of  variety  arrange  the  lenses  so  as  to  produce  the 
image  at  a  given  distance,  say  50  cms.,  from  the  eye-piece. 
This  can  be  done  approximately  by  setting  up  a  pointer  of 
some  kind  at  the  required  distance,  and  looking  at  this  with 
one  eye  while  observing  the  image  through  the  telescope 
with  the  other,  and  focusing  the  image  by  moving  the  object- 
along  the  rod.  \Yhen  both  appear  in  focus  at  once, 
their  distances  from  the  eyes  will  be,  at  least  roughly,  the 
same.  This  method,  of  course,  cannot  be  applied  when 
accuracy  is  necessary,  but  there  is  no  special  point  in  attaining 
i  accuracy  in  the  distance  of  this  image.  Draw  to  scale  a 
H  the  known  distances  of  object,  and  final  image, 
and  focal  lengths  of  the  lenses.  But  in  the  scale  drau 

>1  dime:  uM  1).    increased,  or  they  will  be  too 

small  compared   with   the  axial   dimensions.     (See  Fig.  82.) 
Draw  object,  object-glass,  and  image  I'  thrown  by  it.     Tu 
ir 
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find  position  of  eye-piece  take  a  subsidiary  diagram.  Distance 
of  final  image  is  known.  Its  size  is  immaterial  for  the  present 
diagram.  Draw  image  (inverted)  and  eye-piece,  50  cms. 
apart,  to  scale.  Where  is  the  object  which  would  throw  this 
vertical  image  ?  It  must  be  on  the  line  joining  image  to 
centre  of  lens,  or  on  this  line  produced.  (We  are  now  con- 
sidering one  point  of  the  image  and  the  corresponding  point 
of  the  object.)  Again,  one  of  the  rays  which  seems  to  come 
from  the  image  passes  through  F.  This  must  really  have 
entered  the  eye-piece  parallel  to  the  axis,  from  the  object. 
The  object  is  therefore  as  shown  in  the  figure.  But  this  is 
really  I'.  Thus  the  distance  of  the  eye-piece  from  I'  is 


FIG.  82. 


determined.  The  same  result  could  be  obtained  by  calculation, 
for  if  u  be  the  distance  of  I'  from  eye-piece  and  v  the  distance 
of  its  image,  i.e.,  v  =  +  50  cms.,  we  can,  since  /  is  known, 

determine  «  by  means  of  the  equation =  - . 

Compare  the  distance  from  object-glass  to  eye-piece  in  the 
diagram  with  that  found  in  the  actual  experiment.  Finally 
draw  a  pencil  of  rays  as  in  the  case  of  the  astronomical 
telescope. 

III.   Galilean  Telescope.     For  object-glass  use  the  same 
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lens  as  before  ;  for  eye-piece  the  concave  lens.  The  telescope 
will  be  short,  and  will  give  an  erect  image.  Use  it  for  an 
object  at  a  moderate  distance.  Repeat  the  diagrams, 
making  the  necessary  modifications  for  this  case.  These 
should  be  worked  out  by  the  reader  himself.  Compare  the 
length  of  the  actual  telescope  with  that  obtained  in  the 
diagram. 

IV.  Compound  Microscope.  Set  up  a  piece  of  gauze  in 
one  of  the  lens  holders  on  the  stand.  Use  the  short  focus 
convex  lens  for  object-glass  and  the  long  focus  convex  for 
eye-piece.  Note  how  the  magnification  varies  for  different 
distances  between  the  two  lenses.  For  each  distance  chosen, 
focus  by  moving  the  object  backwards  and  forwards  along 
the  rod.  This  is  equivalent  to  keeping  the  object  fixed  and 
moving  the  microscope,  as  is  usual  in  actual  practice. 

Determine  the  magnifying  powers  of  the  observing  telescope 
and  of  the  compound  microscope,  or  of  actual  instruments 
of  these  types.  For  the  former  set  up  a  large  and  coarse 
scale ;  observe  this  directly  with  one  eye  and  through  the 
telescope  with  the  other,  focusing  till  both  are  clear.  The 
two  appearances  must  be  superposed.  Count  the  number  of 
the  small  divisions  (seen  directly)  for  a  given  number  of  the 
magnified  divisions.  The  ratio  gives  the  magnifying  power 
for  objects  at  that  distance  from  the  telescope. 

For  the  microscope  it  is  necessary  to  arrange  for  the  final 
image  to  be  at  the  least  distance  of  distinct  vision  from  the 
eye.  Set  up  a  scale  A,  Fig.  83,  slightly  to  one  side  of  the  axis 


83. 

of  the  microscope,  at  this  distance  from  the  eye-piece,  to  be 

irectly.     Set  up  another  scale  B  opposr 
scope  and  move  it  backwards  and  forwards  till  its  image  is 
ly  in  focus  at  the  same  timr  as  the  directly  viewed 
scale.     Move  the  latter  sideways,  if  necessary,  to  caus< 
appearances  to  be  superposed.     Count,  and  take  the  ratio 
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as  before.  Repeat  with  the  microscope  drawn  out  to  different 
lengths.  In  all  cases  the  final  image  must  be  at  the  least 
distance  of  distinct  vision.  It  must  not  be  near  enough  to 
cause  the  slightest  fatigue  to  the  eye,  as  this  would  soon  more 
than  counterbalance  any  advantage  derived  from  the 
resulting  increase  of  magnification. 


THE  SPECTROMETER. 
This  comprises  a  collimator  (A,  Fig.  84),  telescope  B,  and  a 


FIG.  84. 


table  C  for  holding  a  prism  or  other  piece  of  apparatus.  The 
telescope  and  table  are  capable  of  independent  rotation  about 
a  central  vertical  axis,  and  are  provided  with  scales  by  which 
the  rotations  can  be  measured.  Light  from  a  source  S 
passes  through  a  narrow  slit  at  one  end  of  the  collimator, 
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and  is  rendered  parallel  by  a  lens  at  the  other  end.  This 
parallel  beam  may  be  split  up  into  a  series  of  parallel  beams 
by  a  prism,  but  if  the  original  light  was  monochromatic  only 
one  beam  will  emerge  after  refraction  by  the  prism.  In 
any  case,  when  a  parallel  beam  enters  the  telescope  it  is 
brought  to  a  focus  on  the  plane  of  the  eye-piece  cross-wires. 
An  image,  in  fact,  of  the  slit  is  there  produced.  This  is 
enlarged  and  thrown  back  by  the  eye-piece,  together  with 
the  image  of  the  cross-wires. 

To  adjust  the  apparatus,  remove  the  prism,  and  focus  the 
eye-piece  so  that  the  cross-wires  can  be  seen  distinctly.  Then 
focus  the  telescope  on  a  distant  object,  that  is,  one  from  each 
point  of  which  rays,  practically  in  a  parallel  beam,  reach  the 
telescope.  The  image  of  this  thrown  by  the  object-glass 
must  lie  in  the  same  plane  as  the  cross-wires.  Ensure  that 
this  is  so  by  using  the  parallax  method — move  the  eye  as  far 
as  possible  from  side  to  side  and  focus  till  no  relative  motion  of 
image  and  cross- wires  is  observed.  Now  bring  the  telescope 
into  line  with  the  collimator,  and  adjust  the  latter  by  moving 
the  slit  in  and  out  till  a  sharp  image  of  it  is  visible  on  the 
cross-wires.  Use  again  the  parallax  method.  The  collimator 
slit  is  now  in  the  principal  focus  of  the  lens,  and  the  light 
crossing  the  table  is  parallel — otherwise  it  would  not  be  focused 
on  the  cross-wires  of  the  telescope,  the  latter  having  been 
adjusted  for  parallel  light  only.  Other  adjustments  may  be 
necessary  with  particular  instruments,  but  need  not  be 
described  here. 

Set  up  a  sodium  flame — easily  made  by  clipping  with  a 
piece  of  tin  a  square  of  asbestos  soaked  in  brine  to  a  Bunsen 
burner,  in  the  position  shown  in  Fig.  85,  several  inches  from  the 
collimator  slit.  Place  the  flame  edgeways  to  the  collimator, 
in  order  to  obtain  the  most  intense  illumination.  Set  up  the 
prism  so  as  to  reflect  part  of  the  beam  on  either  side  (Fig.  86  I). 
Observe  the  images  of  the  slit,  produced  by  reflection,  with 
elescope,  adjusting  in  each  case  till  the  image  is  exactly 
central  with  respect  to  the  cross-wires.  Half  the  an 

uce  traversed  by  th«-  fcelesoope  1><  twcen  its  two  positions 
gives  the  angle  of  the  prism. 

Next  ti;  M  till  an  image  by  r-  :\  can  be 

observed  (Fig.  86  II).     l;m<l  this  first  by  eye,  ,m<l  tin  n  ! 
the   telescope  into  position.     Slowly  rotate   the   table  and 
i.  first  one  way  and  then  the  other,  and  observe  that 
the  deviation  decreases  to  a  minimum  and  then  increases 
•:.     Srt  the  telescope  t<>  this  minimum  position.     V 
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correctly  set,  the  image  of  the  slit,  as  the  table  is  rotated, 
will  just  move  up  to  the  centre  of  the  cross-wires  and  then 
move  back  again.  Take  the  reading  of  the  telescope,  and 
then  arrange  the  prism  so  as  to  deviate  the  beam  towards  the 
right,  and  take  a  new  reading  of  minimum  deviation.  The 
angle  of  minimum  deviation  is  half  the  angle  turned  through 


-  n 


n 


FIG.  85 


FIG.  86. 


by  the  telescope  between  its  two  positions.     Calculate  n  for 
the  material  of  which  the  prism  is  made. 

A  hollow  prism  may  be  used  for  the  determination  of  (Ji  of 
liquids.  The  plates  of  glass  (if  of  uniform  thickness)  forming 
the  faces  of  the  prism  do  not  affect  the  directions  of  the 
rays ;  the  deviation  is  caused  only  by  the  liquid  itself.  A 
number  of  prisms,  solid  and  liquid,  of  the  same  angle  but  of 
different  materials,  should  be  used  to  demonstrate  the 
different  values  of  the  deviations  produced.  At  least,  flint 
glass,  crown  glass,  and  water  should  be  tried. 
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DISPERSION 

Substitute  white  light,  or  ordinary  gas  light,  for  the  sodium 
light.  Instead  of  a  single  image  of  the  slit,  a  continuous 
spectrum  will  be  observed  through  the  telescope.  It  may 
be  looked  upon  as  an  infinite  series  of  images  of  the  slit  in 
various  colours  ranged  along  a  line.  Touch  the  flame  with  a 
piece  of  common  salt  or  a  wire  dipped  in  brine — the  yellow 
sodium  line  will  appear  strongly  marked  at  its  proper  place 
in  the  spectrum.  Test  roughly  the  length  of  the  spectrum 
for  the  different  prisms. 

Using  the  flint  glass  prism,  observe  the  line  spectra  for 
several  substances,  colouring  the  Bunsen  flame  in  the  following 
way:  Make  a  very  loose  bundle  of  several  thin  iron  wires, 
bend  it,  and  fit  it  into  a  small  test  tube,  as  shown  in  Fig.  87. 


FIG.  87. 


Fill  the  tube  with  a  strong  solution  of,  say,  strontium  chloride 
in  w.itrr.  Wet  the  overhanging  part  of  the  bundle.  \v!ii<  h 
should  not  be  too  long,  say  about  an  inch,  and  bring  it  into 
ilame.  A  gradual  flow  will  be  kept  up.  Slightly  lean 
the  tube  if  necessary.  Use  a  separate  arrangement  for  each 
salt.  Determine  minimum  deviation  for  several  lines  belong- 
ing to  different  substances,  including  sodium,  and  tabulate 
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the  values,  noting  down  the  colour  of  each  line.  Look  up 
in  the  tables  the  wave  length  of  each  of  the  lines,  and  plot 
a  graph  showing  wave  lengths  and  minimum  deviations. 

Another  method  is  to  fix  the  prism  in  the  position  of 
minimum  deviation  for  sodium,  and,  without  moving  this, 
take  readings  for  each  of  the  lines  observed.  Then  plot 
wave  lengths  against  these  readings.  Now  take  an  unknown 
solution  which  gives  a  line  spectrum.  Observe  the  minimum 
deviation  (or  the  reading,  if  the  second  method  be  used)  for 
each  line,  find  from  the  curve  the  corresponding  wave  lengths, 
and  then  search  the  tables  for  a  substance  whose  lines 
correspond  to  those  wave  lengths.  This  is  a  simple  case  of 
spectrum  analysis. 


MAGNETISM 

VERIFICATION  OF  THE  LAW  OF  FORCE  DUE  TO  A  MAGNET  ; 
AND  DETERMINATION  OF  THE  MOMENT  OF  A  MAGNET, 
AND  OF  THE  HORIZONTAL  INTENSITY  OF  THE  EARTH'S 
FIELD 

SUPPOSE  a  bar  magnet   to  be  placed  on  a  horizontal 
table,  its  negative  or  south  pole  pointing  due  north. 
At  any  point  distant  r  from  the  centre  of  the  magnet 
along  the  axis,  in  either  direction,  the  force  due  to  the  magnet 
is  directed  towards  the  south.     This  force,  in  dynes  acting 
on  unit  pole,  is  given  by 

2Mr 

~~  (r2-/2)2' 

M  being  the  moment  of  the  magnet,  and  /  half  the  distance 
between  its  poles.  The  horizontal  force  due  to  the  earth, 
acting  as  a  magnet,  in  dynes  per  unit  pole,  is  denoted  by  H. 
and  is  directed  towards  the  north.  Assuming  then  that  F 
is  greater  than  H  for  points  near  the  magnet,  it  follows  that 
at  two  points  along  the  axis  F  and  H  will  be  equal  and  opposite. 
At  those  points,  called  neutral  points,  the  resultant  force  is 
zero.  They  are  symmetrically  situated  with  respect  to  the 
magnet.  If  M  and  H  be  known,  the  positions  of  the  neutral 
points  can  be  calculated.  It  is,  however,  important  for 
other  purposes  to  be  able  to  determine  M  and  H.  But  before 
making  this  determination  it  will  be  well  to  verify  the  law  of 
force  given  above.  The  experiment  will  also  help  towards 
the  determination  of  M  and  //. 

Use  a  magnetometer — a  small   pivoted   magnetic  needle 
enclosed  in  a  box  placed  at  the  centre  of  a  long  graduated  rod, 

with  a  double-ended  pointer  which 

moves  over  a  circular  scale.     Place  the  rod  due  magnetic 

and  west  by  adi  11  the  r,  perpendicular 

to  the  rod.     Set  the  magnet  on  the  rod  with,  say,  its  positive 

angle  of  >n  of  the 

Dime  this,  both  ends  of  the  pointer  mu>t 

be  rea  I  M  tint  erra  :fect  centring  of  the  pivot 
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may  be  avoided.  The  force  acting  on  a  pole,  say  w,  of  the 
needle,  due  to  the  magnet,  is  F  m  (in  dynes)  ,  and  the  force 
perpendicular  to  this,  due  to  the  earth's  magnetism,  is  H  m. 
Since  the  needle  takes  a  position  in  the  direction  of  the  resul- 

p 
tant  of  these  forces  it  can  easily  be  shown  that  tan  0  =  -^. 

But  practically  it  is  necessary  to  take  4  positions  of  the 
magnet  —  magnet  to  E.  of  needle,  its  -f-  pole  to  E.  ;  ditto 
with  -f  pole  to  W.  ;  magnet  to  W.  of  needle,  its  -f  pole  to  E.  ; 
ditto  with  +  pole  to  W.  :  the  centre  of  magnet  being  in  all 
cases  at  the  same  distance  r  from  centre  of  needle.  In  each 
case  both  ends  of  the  pointer  must  be  read.  Thus  8  readings 
of  0  are  made,  of  which  the  mean  is  to  be  taken.  The  reversal 
of  the  magnet,  end  for  end,  reverses  the  deflection  of  the 
needle  ;  the  mean  deflection  is  thus  independent  of  small 
errors  in  the  zero  reading  of  the  needle.  Changing  the  magnet 
from  one  side  of  the  needle  to  the  other  eliminates  any  error 
due  to  the  magnetic  centre  of  the  magnet  not  coinciding 
with  the  centre  of  the  bar  itself.  Several  distances  rl  r%  r3 
must  be  taken,  and  the  final  value  of  0  for  each  determined, 
say  0!  0a  03.  The  length  (magnetic)  of  the  magnet,  or 
distance  between  the  poles,  may  be  obtained  by  placing  a 
small  compass  needle  close  to  the  ends  of  the  magnet  in  several 
positions.  In  each  position  the  needle  will  point  approxi- 
mately to  the  pole.  Half  the  distance  between  poles  is  the  / 
of  the  formula. 


Now  g  =  tan  0  or     2_m2//  =  tan  0, 

thus  numerically 

(r2_j2)2    tan  e      2M 

-  =—  =  constant. 

r  Jri 

To  verify  the  law,  fill  in  the  numerical  values  for  rlf  0X, 
for  r2,  02and  for  r3,  03,  and  test  the  constancy  of  the  results. 
Take  the  mean,  if  the  results  are  not  quite  identical,  and 

M 

divide  by  2.    The  result  is  the  numerical  value  of  -=•=•  . 

ri 

Another  experiment  is  necessary  ;  this  will  give  the  value 
of  M  H.  It  is  known  as  the  vibration  experiment,  the 
previous  one  being  called  the  deflection  experiment.  Use  the 
same  magnet  at  the  same  station  as  before,  so  that  the  M 
and  H  in  this  experiment  may  be  the  same  as  those  in  the 
last.  Suspend  the  magnet  by  means  of  a  paper  stirrup  and 
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unspun  silk  fibre  so  that  it  can  oscillate  in  a  horizontal  plane. 

If  the  magnet  be  of  rectangular  section,  two  of  its  sides  must 

be  in  horizontal  and  the  other  two  in  vertical  planes  (Fig.  88)  . 

If  the  fibre  be  not  at  first  free  from  torsion,  this  must  be 

removed  by  putting  in  the  stirrup  a  bar  of  non-magnetic 

material  equal  in  weight  to  the  magnet. 

The  stand  to  which  the  fibre  is  attached 

should   then  be    turned   till   this  bar, 

when  at  rest,  points  N.  and  S.     Then, 

when  the  magnet  is  substituted,  it  will         _ 

point  N.  and   S.   while   the   fibre  will   r^—  — 

remain    free    from    torsion.     Set    the    I  __ 

magnet   swinging  over  a  small  angle. 

This  can  be  done,  if   the   magnet  be  FIG.  88. 

covered  with  a  glass  shade,  as  it  should 

be,    by    bringing    up    another    magnet,    which,     however, 

must  be  removed  to  a  great  distance  before  the  experiment 

is  continued.     Count  and  time  a  number  of  complete  oscilla- 

tions, say  20,  always  timing  at  the  instant  the  magnet  crosses 

its  zero  position,  which  should  be  suitably  marked  on  the 

base  or  on  the  glass  shade.     The  time  of   swing  for  one 

complete  oscillation  is  given  by 


» 


where  /  is  the  moment  of  inertia  of  the  magnet.      If  this 
be    rectangular   and   supported    as   shown    in    the    figure, 

a1  4-  61 
/  =  mass  x  —  —  —  .    If  cylindrical,  of  length  /  and  radius  r, 

(I2      ra\ 
-  H  —  ).    The  value  of  M  H  can  easily  be 
12      4  ' 

obtained,  and  by  combining  this   with    77   from  the  last 
experiment  M  and  H  can  be  calculated. 


FORCE  AT  POINTS  ALONG  THE  Axis 

We  are  now  in  a  position  to  determine  the  actual  force  at 
any  point  along  the  axis  of  the  magnet,  for,  M  being  known, 

F  can  be  calculated  from  th<   formula  F  =  j-f  -^j^  for  any 
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distance  r  from  the  centre.  Calculate  for  several  distances 
and  plot  as  in  Fig.  89.  The  curve  is  independent  of  the 
position  of  the  magnet  with  respect  to  the  earth,  but  we 
suppose  the  magnet  to  be  along  the  magnetic  meridian  with 
its  S.  pole  towards  the  north.  Now,  H  also  being  known,  its 
value  can  be  plotted — below  the  axis,  for  its  direction  is 
contrary  to  that  of  F.  The  neutral  points  are  shown  by 
crosses  at  the  points  where  F  and  H  are  equal  in  magnitude. 
They  can  most  easily  be  found  by  drawing  a  horizontal  line 
as  far  above  the  r-axis  as  H  H  is  below  it.  The*  points  where 


FIG.  89. 

this  cuts  F  F  correspond  to  the  neutral  points.  The  re- 
sultant of  F  and  H  can  be  plotted  by  reproducing  F  F  and 
subtracting  from  each  of  its  ordinates  the  value  H.  This 
amounts  to  drawing  F  F  to  an  axis  raised  H  above  the  original 
axis,  or  simply  to  lowering  F  F  by  an  amount  H.  The  result 
is  shown  in  the  lower  figure.  The  force  at  places  between 
the  magnet  and  the  neutral  points  is  directed  towards  the  S., 
beyond  these  points  towards  the  N. ;  and  the  force  is  zero  at 
the  points  themselves. 

Other  neutral  points  exist  for  different  positions  of  the 
magnet.  Variations  of  the  above  exercises  can  easily  be 
devised. 


LINES  OF  FORCE 

Place  the  magnet  on  a  sheet  of  paper  pinned  to  a  board, 
in  the  position  used  above.  Plot  lines  of  force  around  it 
by  means  of  a  small  suspended  needle.  Mark  the  paper 
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immediately  under  both  ends  a  and  b  of  the  needle,  and  move 
on  the  latter  till  a  coincides  with  the  mark  previously  corres- 
ponding to  b.  Mark  the  new  position  of  b,  and  so  on.  In 
this  way  map  out  the  whole  horizontal  field  around  the  magnet. 
Note  specially  the  configuration  of  the  lines  near  the  neutral 
points.  The  approximate  positions  of  these  will  be  evident 
on  the  diagram.  Compare  their  positions  with  those  found 
by  the  last  method. 

Stretch  a  sheet  of  paper  on  a  frame  and  place  this  horizon- 
tally over,  and  just  touching,  the  magnet.  Sprinkle  iron 
filings  all  over  this  paper,  not  too  thickly,  and  tap  gently. 
The  filings  will  indicate  the  general  directions  of  the  lines  of 
force,  at  least  near  the  magnet  where  the  force  is  sufficiently 
strong.  Fields  should  be  plotted  for  other  positions  of  the 
magnet. 


ELECTRICITY 
RESISTANCE 

DETERMINE    the    resistances    of    wires    of    several 
materials,  such  as  copper,  iron,  manganin,  and  nickel 
silver,  by  the  Wheatstone  bridge  method.     Many 
adaptations  of  the  method  are  in  use,  based  on  the  following 
principles.    Four  resistances  P,  Q,  R,  S,  one  unknown  (say 
R),  are  arranged  in  a  loop.    The  junctions  are  joined  to  cell 
and  galvanometer  as  shown  in  Fig.  90,  keys  being  interposed 


FIG.  90. 


in  these  branches.  Cell  and  galvanometer  may  be  inter- 
changed without  altering  the  final  result.  Using  the  arrange- 
ment shown,  it  is  only  necessary  to  note  that  the  cell  is  con- 
nected to  the  junctions  of  P  and  R,  and  of  Q  and  S,  and  the 
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galvanometer  to  those  of  P  and  Q,  and  of  R  and  S.  Once 
this  simple  arrangement  is  understood  no  difficulty  should  be 
found  in  comparing  any  ordinary  form  of  Wheatstone  bridge 
with  the  diagram  and  connecting  it  up  for  use.  In  some 
designs  S  may  be  the  unknown  resistance.  When  the  battery 
key  and  the  galvanometer  key  are  depressed  (the  battery 
key  a  little  in  advance),  a  current  will  in  general  flow  through 
the  galvanometer,  giving  rise  to  a  deflection.  But  if  the  four 

P        7? 

resistances  fulfil  the  condition  ^  =  -~,  no  current  passes 

through  the  galvanometer.  Adjust,  then,  by  whatever 
means  are  provided,  the  resistances,  till  on  pressing  the  keys 
no  deflection  takes  place.  In  this  and  many  other  cases  it  is 
necessary  practically  to  adjust  first,  so  as  to  obtain  a  small 
deflection  one  way,  and  then  to  obtain  one  the  other  way. 
An  intermediate  adjustment  will  then  give  the  true  condition 
for  no  deflection.  If  this  precaution  were  not  taken,  a  bad 
contact  somewhere  in  the  circuit  might  be  responsible  for  the 
absence  of  deflection.  Moreover,  this  method  enables  one  to 
estimate  the  sensitiveness  of  the  arrangement.  A  common 
cause  of  "no  deflection  "  is  a  break  in  a  cotton  covered 
connecting  wire.  This  is  often  very  difficult  to  detect  when 
the  wire  is  connected  up  to  the  apparatus,  on  account  of 
the  cotton  holding  the  two  parts  together,  but  out  of  actual 
metallic  contact. 


I.    THE  METRE  BRIDGE 

Here  P  and  Q  form  a  continuous  wire  resistance.  The 
galvanometer  key  takes  the  form  of  a  contact  piece,  such  as 
a  small  plate  of  copper  attached  to  a  wooden  handle  and 

p 
connected  to  the  galvanometer  wire.     The  ratio  ^  is  variul 

by  touching  the  bridge  wire  at  different  points  with  this 
contact  piece.  The  resistances  R  and  S,  R  being  unknown 
and  S  a  variable  standard,  are  connected  to  each  other  and 
to  the  ends  of  P  Q  by  thick  copper  strips  of  negligible  resist- 
ance, fastened  to  a  base,  to  which  also  is  fixed  a  metre  stick 

p 
along  which  P  Q  is  stretched,  to  enable  the  ratio  -^  to  be 

rniiud.     It  is,  of  course,  equal  to  the  ratio  of  the  lengths 
of  the  two  portions  forming  P  and  Q.     Whatever  the  value 
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of  S,  a  point  can  be  found  somewhere  on  the  wire  P  Q  such 
that,  when  contact  is  made  there,  no  deflection  is  obtained. 
Find  this  point  roughly,  and  then  calculate  approximately 

p 
the  value  of  R,  that  is,  of  ^S.     If  P  and  Q  be  very  unequal, 

alter  S  so  as  to  make  it  approximately  equal  to  R,  when  the 
balance  point  will  be  not  far  from  the  middle  of  P  Q.  Then 
make  an  exact  determination  of  R.  Interchange  R  and  S 
and  repeat.  Take  the  mean  value  for  R.  Do  this  for  each 
of  the  wires  to  be  measured.  Since  S  is  known  in  ohms,  the 
final  results  will  be  given  in  ohms.  It  is  not  necessary  to  know 
the  resistances  of  P  and  Q,  as  only  the  ratio  of  these  is  required, 
and  this,  as  we  have  seen,  is  equal  to  the  ratio  of  the  lengths. 


II.    THE  POST  OFFICE  Box 

Check  the  results  by  use  of  the  Post  Office  Box.  This  is 
a  Wheatstone  bridge  complete  with  tapping  keys  for  battery 
and  galvanometer.  P  and  Q  are  called  the  ratio  arms  of  the 

p 
bridge.     Several   different   ratios   -^  are   available.    Using 

any  of  these,  preferably  beginning  with  P  =  Q,  the  standard 
resistance  arm,  also  enclosed  in  the  box,  can  be  varied  till  a 
balance  or  an  approximate  balance  is  found.  (If,  however, 
the  value  of  the  unknown  resistance  be  outside  the  range  of 
the  standard,  another  ratio  of  P  to  Q  must  be  used.)  Suppose 
with  P  =  Q  and  S  =  20  ohms  a  deflection  to  the  left  is 
obtained,  and  with  5  =  21  ohms  a  deflection  to  the  right. 
The  unknown  lies  between  20  and  21  ohms.  Now  alter  the 

P       i 

ratio  -£?  to  — .   Deflection  to  left  is  obtained  with,  say,  5=203 

ohms,  and  to  the  right  with  5  =  204  ohms.    R  lies  between 

P        i 
20.3  and  20.4  ohms.    Again,  making  -^  = ,  deflection  to 

left  is  obtained  with  5  =  2036  and  to  right  with  5  =  2037 
ohms.  R  lies  between  20.36  and  20.37  ohms.  It  may  be 
possible  to  form  an  idea  of  the  next  figure  by  observing  the 
magnitudes  of  the  two  deflections.  In  most  P.O.  boxes 
R  is  the  standard  and  5  the  unknown  resistance.  The  actual 
box  must  be  compared  with  the  general  diagram,  Fig.  90, 
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and  fitted  up  accordingly.  Often  letters  are  stamped  near 
the  various  terminals  to  indicate  the  connexions  to  be  used. 
These  may  correspond  to  Fig.  90,  or  to  an  arrangement  in 
which  battery  and  galvanometer  are  interchanged.  Either 
method  may  be  followed. 


SPECIFIC  RESISTANCE 

The  resistance  of  a  wire  depends  on  its  length,  sectional 
area,  and  nature  of  material.     It  is  given  by  R  =  —  ,  where 

/  =  length,  a  =  area  of  section,  and  p  is  called  the  specific 
resistance  of  the  material.  It  is  the  resistance  per  unit 
length  of  a  wire  whose  sectional  area  is  unity.  Measure  I  and 
d  (=  diameter — measure  this  with  a  screw  gauge)  of  each 
wire  whose  resistance  has  been  found,  and  calculate  the  specific 
resistance  of  the  material  of  which  it  is  made.  Similar  wires 
of  the  different  substances  would  have  resistances  in  the  ratio 
of  their  specific  resistances.  Choose  the  material  whose  p 
is  least,  and  obtain  some  cotton  or  silk  covered  wire  about 
i  mm.  diameter  of  this  material.  Measure  its  diameter 
and  calculate  the  resistance  of  one  meter  of  the  wire. 


CONSTRUCTION  OF  SIMPLE  GALVANOMETER 

Obtain  a  wooden  ring  about  20  cms.  diameter,  having  a 
groove  around  it  in  which  a  coil  of  10  turns  of  the  wire,  side  by 
side,  can  be  wound.  It  should  be  deep  enough  to  hold  two 
layers  of  wire.  The  section  of  the  ring  is  shown  in  Fig.  91. 
If  this  be  not  available,  build  up  some  kind  of  substitute. 
Wind  carefully  a  layer  of  10  turns  and  pass  the  ends  through 
holes  in  the  rim— a  convenient  method  is  shown  in  the  i 

nnine  the  diameter  of  the  coil.     This  can  be  obtained, 

fore  winding,  by  noting  the  exact  length  of  a 

of  the  wire  necessary  to  wrap  around  the  ring  and 

dividing  by  it.    Cover  the  coil  with  a  layer  of  stiff  paper  and 

wind  two  coils,  of  5  and  2  turns  respectively,  side  by  side 

on  the  paper.     Lead  out  tin-  <  nds  as  before  and  d< -U nnine 

iiameter  of  the  coils.     Cover  with  tape.     Prepare  a  stand 

12 
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to  hold  the  ring  vertically,  and  also  to  hold  the  magneto- 
meter, minus  its  graduated  rod,  with  the  centre  of  its  needle 
at  the  centre  of  the  coils.  The  arrangement  is  shown  in  the 
figure.  Binding  screws  may  be  fixed  in  the  base  and 
connected  to  the  coil  ends.  The  whole  forms  a  simple  tangent 
galvanometer.  Calculate  the  resistances  of  the  coils  and,  if 


FIG.  91. 

not  negligibly  small,  measure  them.  At  least,  test  by  means 
of  the  metre  bridge  to  ensure  that  no  appreciable  resistance 
has  been  introduced  in  connecting  the  wires  to  the  binding 
screws.  Take  care  that  no  iron  nails  or  magnetic  substances 
are  used  in  any  part  of  the  apparatus. 


MEASUREMENT  OF  CURRENT 

Adjust  the  galvanometer  so  that  the  needle  lies  as 
accurately  as  possible  in  the  plane  of  the  coil,  i.e.,  till  the 
plane  of  the  coil  is  in  the  magnetic  meridian.  When  taking 
the  value  of  a  deflection  6  due  to  the  passage  of  a  current, 
four  readings  are  necessary — both  ends  of  the  pointer  must 
be  read,  and  the  current  reversed  and  both  ends  read  again. 
In  this  way  errors  due  to  inexact  centring  of  pivot  and  circular 
scale  of  magnetometer,  and  to  inaccurate  setting  in  the 
magnetic  meridian,  are  eliminated,  provided  that  these  inac- 
curacies are  small. 
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Connect  the  5-turn  coil  to  a  copper  voltameter,  a  variable 
resistance  or  rheostat,  and  a  2-volt  accumulator,  interposing 
a  reversing  key  between  the  galvanometer  and  the  rest  of  the 
apparatus,  as  in  Fig.  92.  A  second  key  somewhere  in  the 


FIG.  92. 


circuit  is  desirable,  unless  the  reversing  key  will  also  act  as  a 
cut  off. 

The  reversing  key  is  used  for  the  purpose  of  reversing  the 
current  in  the  galvanometer  only,  in  order  to  enable  deflec- 
tions on  both  sides  of  the  zero  to  be  read.  It  does  not  change 
the  current  through  the  voltameter.  The  latter  consists  of 
a  glass  trough  containing  a  saturated  solution  of  copper 
sulphate,  with  two  copper  plates  or  electrodes  suitably 
supported  in  it.  First  perform  a  rough  trial  experiment. 
Wash,  dry,  and  weigh  the  copper  plate  which  is  to  act  as 
cathode.  Place  it  in  position  in  the  solution,  and  close  th«- 
circuit.  Note  the  time,  and  quickly  adjust  the  rheostat 
so  as  to  obtain  a  galvanometer  deflection  of  about  45°.  Let 
the  current  pass  for  say  10  minutes,  cut  off,  and  t.ik.-  out  the 

in  distilled  water,  dry  hii^h  up  over 
a  Bunsen  flame  ami  weigh.    The  mass  of  copper  deposited  will 

be  obtained.     In   th- 

say  40  minutes,  may  be  allowed.     Still,  the  amount  d«-j>. 
may  be  too  small  for  accurate  measurement.      In  this  case 
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a  larger  current  must  be  used,  and,  as  a  deflection  much 
greater  than  45°  should  not  be  allowed,  it  will  be  necessary 
to  use  the  2-turn  coil  of  the  galvanometer  instead  of  the 
5-turn  coil.  For  a  given  deflection  the  current  will  be 
inversely  as  the  number  of  turns,  so  an  estimate  can  be  made 
of  the  amount  of  deposit  to  be  expected  whichever  coil  be 
used.  Set  up  the  apparatus  and  adjust  the  rheostat  so  as  to 
give  the  required  current. 

Next,  perform  the  actual  experiment.  Clean  the  cathode 
with  nitric  acid,  rinse  with  tap  water  and  distilled  water, 
dry  and  weigh.  Replace  the  cathode  and  at  a  given  instant 
close  the  circuit.  Allow  the  current  to  flow  for,  say,  20 
minutes.  Note  the  deflection  from  time  to  time.  If  neces- 
sary adjust  slightly  the  rheostat  to  keep  this  constant.  Or 
else  note  the  deflection  each  minute  and  take  the  mean  if 
slight  alterations  occur.  Reverse  the  current  in  the  galvano- 
meter and  continue  the  experiment  for  another  20  minutes. 
Then  cut  off  the  current,  take  out  the  cathode,  rinse  carefully 
in  distilled  water,  dry  and  weigh.  Assume  the  value  of  the 
electro-chemical  equivalent  of  copper,  that  is,  the  number  of 
grms.  deposited  by  one  ampere  in  one  second,  and  hence 
deduce  the  value  of  the  current  in  amperes. 

The  law  of  the  tangent  galvometer  is  : 

Current  (in  amperes)  =  k  tan  6, 

where  k  is  a  constant.  Calculate  the  value  of  k  for  the  coil 
used.  Deduce  the  value  of  k  for  each  of  the  other  coils. 
Thus  if  k2,  k6,  k1Q  represent  the  values  for  the  three  coils, 
we  have 

k2 :  k,  :  klo  =  \  :  J  :  TV 

In  future  the  galvanometer  can  be  used  as  a  measurer  of 
current.  The  value  of  k  depends  on  H,  which  we  have 
assumed  to  remain  constant. 


DETERMINATION    OF    ELECTRO-CHEMICAL    EQUIVALENT    OF 

COPPER 

It  is  instructive  to  use  the  observations  which  have  already 
been  made  in  another  way.  We  saw  in  Chapter  VIII  that 
the  force  at  the  centre  of  a  circular  coil  of  n  turns,  of  radius  r, 
carrying  a  current  of  C  electro-magnetic  units,  is  equal  to 

-  in  dynes  on  one  unit  pole.  If  C  be  reckoned  in  amperes, 
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the  force  will  be  given  by 

27c  n  C     ,~  . 
F  =  -     —  .    (Cm  amperes). 

10  r 

This  is  the  force  at  the  centre  of  our  galvanometer  coil.     To 
connect  this  with  the  deflection  observed,  we  have 

F  =  H  tan  6, 
as  we  have  already  seen  under  magnetism,  and  therefore 

2  rt  n  C 

-  =  H  tan  0, 
10  r 

„       10  r  H  A 
or  C  —  —  -  —  tan  6  (in  amperes). 

But  we  have  already  determined  the  value  of  H  ;  and  r  and 
n  are  known,  therefore  C  can  be  calculated. 

In  making  this  determination  of  C  we  have  not  relied  on 
anything  but  fundamental  theory  and  our  own  experiments. 
Check  the  value  —  and  this  amounts  to  testing  the  accuracy 
of  our  determination  of  H  among  other  things  —  by  working 
out  the  value  of  the  electro-chemical  equivalent  of  copper, 
i.e.,  by  dividing  the  mass  of  the  deposit  of  copper  by  C  and 
by  the  time  in  seconds—  and  compare  with  the  standard 
value.  It  is  evident,  incidentally,  that 


2  Ten 

Calculate  it>  value  for  each  of  the  coils  from  this  formula, 

and  compare  with  the  values  previously  determined.     [The 

kept  in,  instead  of  5,  in  order  to  emphasize  the  relation 

between  amperes  and  electro-magnetic  units.     Cross  out  the 

10  and  the  expression  is  correct  for  E.M.U's.] 

The  values  obtained  for  C  by  the  two  methods  detailed 
above  may  also  be  compared.  They  will,  of  course,  be  equal 
if  the  values  for  E.C.E.  of  copper  be  equal. 


COMPARISON    OF    FORCES 

force  due  to  the  current  at  the  centre  of  the  coil  may 
tied  with  that  due  to  the  magnet  previously  used, 
at  a  point  on  its  (the  magnet's)  axis  produced.     Choose  by 
nee  to  Fig.  89  a  value  for  F  at  a  point  not  too  IK  ar  the 
magnet.     Calculate  the  current  required  in  one  of  the  galv 
meter  coils  to  give  a  force,  equal  to  this,  at  it- 


182  PHYSICS 

a  cell  and  rheostat  with  the  galvanometer,  and  adjust  till 
the  required  current  is  obtained.  This  can  be  done,  since 
C  =  k  tan  6,  where  k  is  known.  Now  cut  off  the  current, 
and  set  up  the  magnet  due  E.  or  W.  of  the  centre  of  the  galvano- 
meter, so  that  centre  of  needle  lies  on  the  axis  of  the  magnet, 
produced,  at  the  distance  corresponding  to  the  force  F. 
The  deflection  produced  should  equal  that  previously  obtained 
by  means  of  the  current,  thus  showing  that  the  force  due  to 
the  magnet  is  equal  to  that  due  to  the  current. 


ELECTROMOTIVE  FORCE.    I. 

To  lead  up  to  this,  first  verify  the  relation 

R  tan  6  =  constant, 

where  R  represents  the  resistance  of  a  circuit  comprising  a 
cell  of  constant  E.M.F.,  a  resistance  box,  and  the  tangent 
galvanometer.  As  usual,  this  must  be  used  in  conjunction 
with  a  reversing  key,  otherwise  reliable  values  of  6  cannot  be 
obtained.  R  of  course  includes  the  resistance  of  the  cell, 
which  must  therefore  either  be  known  or  be  negligible.  For 
present  purposes  a  medium-sized  accumulator  will  give  a 
sufficiently  steady  E.M.F.,  and  have  a  resistance  small  enough 
to  be  considered  negligible  in  comparison  with  the  rest  of  the 
circuit.  Fairly  stout  and  short  copper  leads  should  be  used, 
and  all  contacts  carefully  made,  so  as  to  avoid  introducing 
any  appreciable  resistance.  The  resistance  of  the  galvano- 
meter is  supposed  to  be  negligible,  or  else  to  be  known  and 
added  to  that  of  the  adjustable  resistance  box.  The  value 
of  R  tan  0  should  be  determined  for  several  values  of  R  and 
its  constancy  verified.  This  constancy  is  due  to  the  fact 

that  C  =  ~ ,  while  C  also  =  k  tan  6,  and  E  and  k  are  constant. 

R 

We  assume  that  one  coil  of  the  galvanometer  will  be  used 
throughout  the  present  section. 

Now  plot  a  curve  having  C  (in  amperes)  for  ordinates  and 
8  for  abscissae,  by  means  of  the  relation  C  —  k  tan  0,  k  being 
the  appropriate  constant  for  the  coil  used  in  the  experi- 
ment. This  curve,  of  course,  does  not 'specially  relate  to  the 
experiment,  being  plotted  from  the  formula  merely.  Next 
plot  values  of  R  for  different  values  of  0  from  the  above 

experiment.    Now,  since  C  =  -    ,  where  E  is  the  E.M.F.  in 
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volts  of  the  cell  used,  at  present  assumed  constant  but 
unknown  in  value,  we  have 

CR  =  E  =  constant. 

Find  from  the  two  graphs  a  series  of  values  of  C  and  of  R  for 
a  number  of  values  of  8,  and  multiply  the  corresponding 
pairs  together.  Thus  we  have,  say,  Cl  Rl  for  8j,  C2  R2  for 
62,  and  so  on,  giving  a  number  of  values  for  E  which  should 
be  equal.  If  slight  differences  occur,  take  the  mean  value 
for  E.  Check  by  means  of  a  voltmeter. 


Resistance  of  a  Cell 

Assuming  R  tan  6  =  constant  to  be  verified,  we  may 
proceed  to  determine  the  resistance  of  a  Daniell  cell.  Arrange 
galvanometer,  with  reversing  key,  Daniell  cell,  and  resistance 
box  in  series.  Let  B  denote  resistance  of  cell  and  G  that  of 
galvanometer,  if  appreciable.  Neglect  the  resistance  of  the 
leads  and  key.  Let  Rl  be  the  resistance  used  in  the  resistance 
box,  and  Q1  the  resulting  deflection,  which  should  be  fairly 
large,  say  about  50°.  Then 

P     .    p ~r  =  k  tan  0r 

Rl    -f    &    +    Cr 

ase  Rl  to  /?,  so  as  to  give  a  deflection  of  about  half  the 
above  value,  say  6a ;  then 

K,+  B+G=*tan6'- 

By  division  eliminate  E  and  k.  The  experiment  involves 
the  supposition  that  E,  the  E.M.F.  of  the  cell,  remains  constant, 
or  it  could  not  be  eliminated  in  this  way.  B  can  then  be 
calculated. 

Repeat  for  a  Leclanche  cell.  The  experiment  is  not  quit <• 
so  satisfactory,  because  E  varies  slightly.  To  minimize  this, 
take  the  observations  as  quickly  as  possible,  so  that  the 
current  flows  for  as  short  a  time  as  possible.  Also  repeat  the 
first  part  of  the  experiment,  and  take  the  mean  0  for  this 
repeated  part  and  the  actual  first  part.  Thus  let  Rl  Ql  be 
values  for  lir>t  part  tf,  0,  for  second,  and  Rl  08for  first 
repeated.  Now,  since  E  has  been  gradually  changing  wr  may 
suppose  t  r  first  part  is  rather  higher  than  for  second 

part,  whil.   /:  for  third  p.r  her  lower  than  for  second 

part.     Similarly  for  the  values  of  0  obtained,  i.e.,  0, 
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too  high  for  correct  comparison  with  02,  while  63  is  rather  too 
low.  Take,  then,  the  mean  of  6^  and  63,  and  use  this  in  the  first 
of  the  two  equations.  Use  62  in  the  second  equation.  This 
principle  is  often  useful  in  the  case  of  quantities  which 
gradually  vary. 


ELECTROMOTIVE  FORCE.    II. 
Determine  the  E.M.F.  of  the  Daniell  cell  by  means  of  the 

£ 

tangent  galvanometer,   applying  the  relation   -=  =  k  tan  6, 

J\ 

where  R  denotes  the  resistance  of  the  whole  circuit,  including 
resistance  box,  cell,  and  galvanometer.  Use  several  different 
resistances  from  the  box  and  take  the  mean  value  for  E. 
Repeat  for  Leclanche  cell. 

Potentiometer  Method.  Compare  the  E.M.F.'s  of  Daniell 
and  Leclanche'  by  the  potentiometer  method.  The  apparatus 
consists  of  a  wire  of  fairly  high  resistance  stretched  along  a 
scale  and  provided  with  binding  screws  at  each  end,  an 
accumulator  with  key,  and  a  table  galvanometer  with  contact 
piece  such  as  was  used  for  the  metre  bridge,  and  a  three-way 
key,  together  with  the  cells  to  be  compared.  The  voltage 
or  E.M.F.  of  the  accumulator  must  be  greater  than  that  of 
either  of  the  other  cells.  Connect  all  three  -f-  (°r  — )  poles 
to  one  end  of  the  stretched  wire,  and  arrange  the  galvanometer 
and  keys  as  shown  in  Fig.  93.  To  perform  the  experiment, 


FIG.  93. 

close  the  accumulator  key  and  connect  galvanometer  to  one 
of  the  cells  by  means  of  the  three-way  key.  Find  a  point 
on  the  stretched  wire  such  that  when  contact  is  made  there 
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by  the  contact  piece  no  deflection  of  the  galvanometer  takes 
place.  See  that  opposite  deflections  can  be  obtained  by 
moving  the  contact  piece  slightly  to  both  sides  of  the  point. 
Switch  over  to  the  other  cell,  and  find  another  "  null  point  " 
on  the  wire.  The  ratio  of  the  distances  of  these  from  the  end 
of  the  wire  to  which  the  cells  are  joined  is  equal  to  the  ratio 
of  the  E.M.F's.  of  the  cells. 

The  result  depends  on  the  fact  that  a  constant  current  flows 
along  the  wire  due  to  the  accumulator  A  (whose  E.M.F.  must 
be  constant).  The  introduction  of  the  loop  containing  cell 
and  galvanometer  does  not  affect  this  current,  since  no 
current  flows  along  this  loop  when  adjustment  is  made. 
There  is  a  uniform  fall  of  potential  along  the  wire,  and,  if 
the  ends  of  the  loop  be  X  and  Y,  the  potential  difference 
between  these  is  proportional  to  the  distance  between  them. 
If,  then,  no  current  is  to  flow  in  the  loop,  it  is  necessary  for 
this  potential  difference  between  its  ends  to  be  counteracted 
by  the  E.M.F.  of  the  cell  in  the  loop.  Thus  E.M.F.  of  cell  = 
potential  difference  XY.  The  actual  value  of  this  is  not 
known,  but  the  ratio  for  the  two  cells  is  the  ratio  of  the  two 
lengths  of  XY.  If  the  actual  E.M.F.  of  one  of  the  cells  be 
known — that  of  a  properly  prepared  Daniell  is  about  i.i 
volts— that  of  the  other  can  of  course  be  at  once  deduced. 


Reduction  Factor 

In  the  last  experiment  a  table  galvanometer  was  used,  and 
the  method  was  a  "  null  "  one,  i.e.,  the  adjustments  were 
made  till  no  deflection  was  obtained.  So  long  as  the  gal- 
vanometer is  sufficiently  sensitive  to  indicate  minute  currents 
which  flow  when  the  adjustment  is  very  slightly  wrong,  it  does 
not  matter  what  the  law  of  the  galvanometer  may  be.  For 
small  deflections  C  will  be  approximately  proportional  to  6  or 
say  C  =  k  0,  the  constant  k  being  called  the  reduction  factor 
of  the  instrument.  A  very  sensitive  .^alvanomrter,  if  used 
in  the  last  experiment,  would  need  a  high  resistance  in  series 
parallel  with  it  during  the  preliminary 
attempts  to  find  the  null  point,  otherwise  it  might  be  broken 
ic  passage  of  too  great  a  current.  In  the  present  experi- 
•i  high  i  is  necessary  from  a  theoretical 

point  of  \ . 

Set    up    the    potentiometer   as   before,    but    replace    the 
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Leclanche  cell  by  a  plain  wire,  and  put  a  high  resistance  in 
the  galvanometer  loop.  The  arrangement  is  shown  in  Fig.  94. 
Find  the  null  point  for  the  Daniell  as  before.  Since  no 
current  flows  in  the  loop,  the  introduction  of  the  high  resistance 
makes  no  difference,  except  in  that  it  reduces  the  sensitiveness 
of  the  apparatus  to  small  changes  of  position  of  the  contact 
piece.  Now  switch  over  to  the  plain  wire.  A  current  flows 
along  the  loop,  causing  a  deflection  of  the  galvanometer,  but, 
since  the  resistance  of  the  loop  is  much  greater  than  that  of 
the  wire  XY,  the  greater  part  still  flows  along  that  wire. 


We  must  assume  that  the  flow  around  the  loop  is  so  small  as 
not  to  interfere  appreciably  with  the  constancy  of  the  fall 
of  potential  along  the  potentiometer  wire.  As  in  the  last 
case,  then  (but  not  quite  so  accurately),  we  may  say  that 
potential  difference  between  X  and  Y  is  proportional  to  the 
length  XY  wherever  Y  may  be.  Let  XY  for  the  null  point 
determination,  when  the  Daniell  was  in  the  loop,  be  denoted 
by  L,  and  let  the  contact  piece  be  put  down  at  various  points 
Y!  Y2  Y3  at  distances  lt  12 13  from  X,  when  the  plain  wire  is 
in  the  loop.  Let  E  denote  the  E.M.F.  of  the  Daniell,  and 
Ci  e2  £3  the  potential  differences  XY!,  XY2,  XY3.  Then, 
since  the  potential  differences  are  proportional  to  lengths 
from  X,  we  have  : 

E  :  el :  e2 :  es  =  L  :  ^  :  12 : 13 
or 

E       e1       e2      e*  .   E  .  E  ,  E 

F-iJ-lf-?  or  *-*ir''« -'•i- *"<•!• 

Now  let    the    corresponding  deflections  be  denoted  by 
Oj  02  03,  there  being  of  course  none  corresponding  to  L.   Since 
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C  =  &0,  where  C  is  the  current  in  the  galvanometer,  we  may 

write  (since  C  is  successively  ~  ,   *?  ,   §  V 
\  K      K      K  / 


where  /?  represents  the  constant  resistance  of  the  loop, 
which  is  practically  that  of  the  resistance  used  from  the  box. 
Thus 

Rk  _  '»  =  -'«  =  £. 

Wl  °1  °3 

But  tfj  =  /1  —  ,  etc.,%as  shown  above. 
Therefore 

Rk-Zl*-Z!*-EL* 
~  L  ex  "  L  e,  "    L  e3' 

showing  that  is  a  constant.  Take  the  mean  of  the 
experimental  values  of  -  and  put  it  in  the  equation  : 


value  of  k  can  be  determined,  since  all  the  quantities 
A'.   /:,  L,  and  .   arc  known. 


TEMPERATURE  COEFFICIENT  OF  RESISTANCE. 

Take  two  samples  of  wire  of  metals  whose  specific  resistances 
have  been  measured— say,  those  of  highest  and  lowest  specific 

•<mce.     Measure  lengths  whose  resistances  are  exactly 

:n  in  each  case,  and  cut  them  off,  leaving  an  extra  cm. 

ich  end.  Solder  these  ends  to  stout  copper  leads. 
Double  the  wires  in  the  middle  and  wind  each  on  a  separate 
cylinder  of  wood,  about  i  cm.  diameter,  taking  <  uv  that  no 
contacts  occur  along  th«  v  i  up  one  of  the  coils  in 

-team  heater  used  for  specific  heat  dett •uninations. 
accurately  by  the  P.O.  box  (before 

passing  steam),  noting  the  temperature  indicated  by  tin* 
thermometer  in  the  jacket.  Now  pass  steam  until  the  coil 
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is  thoroughly  and  uniformly  heated.  Note  the  new  tempera- 
ture and  determine  the  resistance.  If  the  resistance  of  the 
leads  be  not  negligible  compared  with  the  difference  between 
the  two  resistances  of  the  coil,  measure  the  resistance  of  a 
piece  of  the  wire  of  which  the  leads  are  made,  and  equal 
to  them  in  length.  Subtract  this  from  each  of  the  other 
measured  resistances.  Let  R0,  Rfl,  Rt2  be  the  resistances 
of  the  coil  at  o°  C.,  and  at  tf  and  *2°,  the  two  observed 
temperatures.  Now  for  any  temperature  t°  C.  we  have 
approximately 

Rt  =  R0(i  +  OLt), 

where  a  is  a  constant  called  the  temperature  coefficient  of 
the  resistance.  The  values  of  R  correspond  to  the  graph  of 
Fig.  95,  where  the  values  of  R0  and  Rt  are  shown  as  ordinates 

plotted    against    temperature. 
As    the    graph    is    a   straight 
line  it  is  only  necessary  to  set 
up,  at  the  proper  points  along 
the      axis      of      temperature, 
ordinates       representing      the 
Rt         values  R^  and   Rfz,    obtained 
P0  by  experiment,  and  draw  the 

straight  line  joining  their  upper 
extremiti  es .     This  line  produced 
_      will  cut  off  from  the  ordinate 
o°  t°          at  o°  C.  a  length  equal,  on  the 

FlG«  95-  scale  adopted  for  the  diagram, 

to    the    resistance    R0   of    the 

coil  at  o°  C.    The  resistance  for  any  other  temperature,  not 
too  far  removed  from  the  temperatures  used  in  the  experiment, 
can  be  obtained  from  the  diagram  by  setting  up  an  ordinate 
at  the  required  temperature.     Find  in  this  way  R^Q- 
Then  R10Q  =  RQ  (i  -f  a  100), 


or 


^100  — 


Repeat  for  the  other  wire. 

Which  wire  would  be  most  suitable  for  use  in  making  a 
set  of  standard  resistances  ? 


APPENDICES 


APPENDIX  A 

THE  italic  symbols,  F,  /,  etc.,  used  throughout  this 
book  are  meant  to  represent  physical  quantities. 
Every  physical  quantity  has  two  aspects.  It  can 
be  fully  specified  only  by  stating  (a)  its  numerical  magnitude, 
and  (b)  the  kind  of  unit,  such  as  the  cm.  or  the  grm.,  in  which 
its  value  is  to  be  expressed.  This  dual  nature  is  expressed 
when  we  write  "  let  /  =  10  cms."  The  symbol  [L]  is  com- 
monly used  to  represent  the  unit  of  length,  [M]  that  of  mass, 
and  so  on.  In  the  text  I  have  used  symbols  such  as  F,  1,  m, 
etc.,  to  denote  the  numerical  values  of  forces,  lengths,  masses, 
etc.  So  the  physical  quantity  "  length  "  may  be  fully  set 
out  as  1  [L],  or  we  may  write  : 

I  =  1  [L]. 

According  to  this  system  it  would  be  incorrect  to  write 
"  a  length  1,"  but  correct  to  write  "  a  length  /,"  or  "  let 
/  =  10  cms.,"  or  "  let  I  =  1  cms.,"  the  1  in  that  case  simply 
standing  for  the  number  10. 

We  have  then  our  physical  quantity  "  length  "  represented 
for  general  purposes  by  / ;  but  when  we  wish  to  dissect  it 
we  use  the  form  1  [L]. 

Now  consider  a  physical  equation  connecting  the  physical 
quantities  "  force,"  "  mass,"  and  "  acceleration." 

F=ma (i) 

This,  dissected  and  set  out,  will  be  : 

F[F]=m[M]a[/l] (2) 

or,  more  fully  : 

PlM](L]lT]-*  =  m[M]a[L][T}-* (3) 

in  which  equation  the  units  of  force  and  acceleration  are 
expressed  in  terms  of  the  fundamental  units  of  length,  mass, 
and  time. 
Using,  however,  equation  (2),  we  may  decompose  into : 

the  numerical  equation  F  =  ma  (4) 

lie  dimensional  equation     [F]  =  [M] [A] (5) 

Thus  the  physical  equation  (i)  or  (2)  is  decomposed  into 
the  numerical  equation  (4)  and  the  dimensional  equation  (5), 
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just  as  /,  a.  physical  quantity,  was  decomposed  into  1,  a  numerical 
quantity,  and  [L],  which  we  may  call  a  dimensional  quantity. 

The  equations  (i),  (4),  and  (5)  might  be  written  in  the 
following  way  : 

F=     m  X  a (6) 

F=     m  X  a (7) 

[F]  =  [M]xM (8) 

In  that  case  we  should  look  upon  the  sign  x  in  (6)  as  a 
physical  operator,  in  (7)  as  a  numerical  operator,  and  in  (8)  as 
a  dimensional  operator.  We  need  not  here  pursue  the  matter 
further. 


APPENDIX  B 
THE  BALANCE 

THE  practical  use  of  any  particular  type  of  balance 
must  be  learned  in  the  laboratory.     A  few  general 
matters,   however,   may   advantageously   be    dealt 
with  here. 

:hod  of  Oscillations.  In  order  to  find  the  "  resting 
point  "  of  an  oscillating  balance  it  is  not  necessary  to  wait 
for  it  to  come  to  rest.  Note  three  successive  "  turning 
points,"  or  extreme  limits  of  the  swings  of  the  pointer,  say 
to  the  right,  left,  and  right,  on  its  scale.  Take  a  point  halfway 
between  the  two  right  turning  points,  and  then  one  halfway 
between  this  and  the  left  turning  point.  This  marks  the  place 
at  which  the  pointer  would  eventually  come  to  rest. 

Determine  in  this  way  the  resting  point  for  the  unloaded 
balance.  Arrest  the  balance,  and  put  in  the  left  hand  pan 
the  object  to  be  weighed.  In  the  other  put  standard  masses  ; 
and  suppose  the  least  of  these  available  to  be  o.oi  grm.  In 
a  particular  case  suppose  that  20.23  grms.  give  a  deflection 
of  x  scale  divisions  to  the  left  of  the  no  load  resting  point, 
or  the  zero  as  we  may  call  it.  That  is,  the  new  resting  point 
is  x  divisions  to  the  left  of  the  zero.  Suppose  again  that 
20.22  grms.  give  a  deflection  of  y  divisions  to  the  right  of  the 
zero.  Clearly  the  latter  mass  is  too  small  ;  what  is  required 
is  the  addition  of  a  small  mass  capable  of  producing  a  deflec- 
tion of  y  divisions.  But  the  o.oi  grm.  just  removed  produces 
a  deflection  of  x  -f  y  divisions ;  thus  the  mass  required  must 

be  — J-  of  o.oi  grm.    This  value  may  be  worked  out  and 

added  to  the  20.22  grms.     In  ordinary  cases  this  value  should 

not  be  carried  to  more  than  one  place  of  decimals  beyond 

that  given  directly  by  the  standard  masses  used  ;    in  this 

case,  for  i  th<    m<  thod  should  be  used  only  to  give 

•iin-  in  tlu-  third  d.  .ini.il  place.     In  the  case  of  balances 

vith  a  "  ridrr  "  the  above  operation  is  not  necessary. 

Suppose,  then,  that  the  correct  standard  mass  has  been 

found  which  would  exactly  counterpoise  the  object  to  be 
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weighed.  It  by  no  means  follows  that  the  mass  of  the  object 
itself  has  been  determined.  The  first  source  of  error  is  due 
to  a  possible  inequality  in  the  lengths  of  the  arms  of  the 
balance.  Let  x  =  length  of  left  arm,  and  y  that  of  right  arm, 
and  let  mlt  m2  denote  the  masses  in  left  and  right  pan  re- 
spectively, the  correct  adjustment  of  the  balance  having 
been  obtained.  The  weights  in  the  pans  will  be  m^g  and 
mzg.  Then,  by  the  principle  of  moments, 

m^gx  =  m^gy,  or  m&  =  m^y, 

so  that  m:  will  be  equal  to  m2  only  if  x  =  y.  Absolute 
equality  of  x  and  y  is  not  to  be  looked  for,  though  of  course 
in  a  good  instrument  the  difference  is  very  small.  The  true 
mass  of  the  object  can  be  found,  so  far  as  the  matter  we  are 
dealing  with  is  concerned,  by  interchanging  the  masses  in 
the  pans  and  readjusting  the  standards  so  as  to  obtain  a 
balance.  Let  this  new  value  of  the  standards  be  mz,  the 
object  ml  now  being  in  the  right  pan.  We  have  now 

m-^y  =  m3x, 
and  this,  by  multiplication  with 

m^x  =  mzy, 
gives 

m^  xy  =  m2m3xy,  or  ml  = 


showing  that  the  mass  required  is  equal  to  the  square  root  of 
the  product  of  the  two  sets  of  standard  masses  used  in  the 
two  weighings.  The  ratio  of  the  lengths  of  the  arms 
can  also  be  obtained  by  dividing  one  equation  by  the  other, 

thus:  WtV       m»x  y2      m» 

-^  =  -  3_  ,  giving  ^  =  - 
m2y  D  x2       m2 


or 


/ 

=  -  / 
V 


This  value  for  the  ratio  could  be  used  in  future  so  as  to 
obtain  true  mass  with  one  weighing  only  ;  for 


where  m'v  m'2  denote  the  mass  of  any  object  in  the  left 
hand  pan,  and  the  standard  mass  counterpoising  it  in  the 
right. 

An  alternative  plan  is  to  place  the  object  in  the  left  pan, 
counterpoise  it  with  sand,  or  anything  else  convenient, 
arrest,  and  remove  the  object,  and  replace  it  with  standard 
masses  till  these  balance  the  sand,  using  the  method  of 
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oscillations  if  necessary.     The  mass  of  the  object  is  then 
equal  to  that  of  the  standards. 

A  correction  is  also  necessary  on  account  of  the  buoyancy 
of  the  air  in  which  the  weighing  takes  place.  The  weight 
of  a  body  affecting  the  balance  is  really  the  true  weight  less 
th--  weight  of  the  air  which  the  body  displaces.  Let  w^, 
w^g  be  the  weights  (in  dynes)  of  air  displaced  by  the  object 
and  by  the  standards  used  to  balance  it.  The  equation  of 
moments  is  actually 

(nig  —  w^  x  =  (m^g  —  Wig)y  ; 

but,  since  we  have  already  dealt  with  the  inequality  of  x  and  y, 
.ill  simply  write 


or 

wlk-re  m'  is  the  true  mass,  i.e.,  \Jm^nz  as  obtained  above. 

Now  the  weight  of  air  displaced  is  equal  to  the  volume  dis- 
placed x  density  of  air,  and  the  volume  displaced  is  the 
volume  of  the  body,  or  its  mass  -r-  density.  Let  d  —  density 
of  air,  and  dlt  d2  densities  of  object  and  standards  respec- 
v  ;  then  the  equation  becomes 

m*  .          ,       tn    . 
ml  --  —  l-  d  =  m  --  j-  a 
dl  *t 


whence  nt1  —  m 


<>r  with  sufficient  accuracy,  since  d  is  small  compared  with  dl 
!m;iry  cases, 


or  m1  =  m'  +  m'^  --  -      d. 

\dl      rf,/ 

n  is  set  out  in  this  form  so  as  to  show  the  value 
of  the  correction,  due  to  buoyancy,  to  be  added  to  the  mass  mr 


:«  standards  employed.     This  correction,  ;  .  )* 

dl      «» 
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is  positive  if  the  density  dl  of  the  object  be  less  than  that  of 
the  standards.  The  standards  are  usually  of  brass,  with  the 
exception  of  the  fractional  ones  ;  but  the  air  displaced  by 
the  latter  is  so  small  that  no  appreciable  error  is  introduced 
by  treating  the  whole  of  the  standards  as  if  they  were  made 
of  brass  of  uniform  density.  The  density  of  air  depends  on 

27-3 
its  pressure  and  temperature  ;  its  value  is  .001293  x  - 

273~H 

-^grms.  per  c.c.  for  temperature  t°  C.  and  pressure  p  cms.  of 

mercury,  but  the  value  .0012  grms.  per  c.c.  may  be  taken  as 
sufficiently  accurate  for  general  purposes  when  the  weighing 
is  done  at  ordinary  atmospheric  temperature.  Indeed,  in 
first  year  work  the  correction  need  hardly  be  made  except 
in  the  case  of  bulky  objects  of  small  density,  or  where 
exceptional  accuracy  is  required. 


SENSITIVENESS  OF  THE  BALANCE 

The  sensitiveness  of  a  balance  may  be  expressed  as  the 
number  of  scale  divisions  through  which  the  resting  point 
of  the  pointer  moves  when  a  small  given  mass  is  added  to 
one  of  the  pans ;  or,  more  shortly,  as  the  deflection  due  to  the 
given  mass.  Determine  the  sensitiveness  for  no  load  and  for 
various  loads  up  to  the  maximum  for  which  the  balance  is 
used  in  the  following  way :  Consider  the  resting  point  with 
no  load  on  the  pans ;  add  the  small  mass  to  one  pan,  and  note 
the  resting  point.  Transfer  the  mass  to  the  other  pan,  and 
observe  the  new  resting  point.  Either  of  the  deflections, 
or,  say,  the  mean  of  the  two  deflections,  gives  the  sensitive- 
ness. But  it  is  clear  that  the  original  resting  point  need  not 
be  noted,  for  the  same  result  is  obtained  by  taking  half  the 
total  deflection  from  the  one  extreme  resting  point  to  the 
other.  Next  add  a  load  to  each  pan,  and  observe  resting 
points  with  the  small  mass  first  in  one  pan  and  then  in  the 
other,  and  obtain  the  sensitiveness  as  before.  Repeat  for 
the  various  loads,  and  then  plot  a  curve  of  sensitiveness, 
showing  as  ordinates  the  several  values  of  this,  and  as 
abscissae  the  corresponding  loads. 
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A  QUANTITY,  like  the  force  acting  on  a  particle,  which 
has.  in  addition  to  its  actual  magnitude,  a  definite 
direction  in  space,  is  called  a  Vector.  A  quantity 
like  mass,  which  is  not  concerned  with  direction,  is  called  a 
Scalar. 

Other  vectors  are  :  a  portion  of  a  straight  line  having 
definite  length  and  direction,  the  displacement  of  a  particle 
along  a  given  path  in  space,  velocity  (when  direction  in 
space  as  well  as  speed  is  implied),  momentum,  acceleration, 
etc.  Other  scalars  are  :  speed  (apart  from  direction),  density, 
temperature,  energy,  electric  potential,  electric  charge,  etc. 

A  vector  may  be  represented  by  a  straight  line,  the  length 
and  direction  of  which  represent  the  magnitude  and  direction 
of  the  vector.  An  arrow  head  may  be  added  to  indicate 
the  sense  of  the  vector. 

Suppose  a  straight  line  AB  to  represent  a  displacement  of 

a  particle  from  A  to  B,  and  a  line  BC  another  displacement 
of  the  particle  from  B  to  C.      The  resultant  of  the  two  dis- 


placements  will  be  represented  by  a  straight  line  AC.  The 
particle,  if  it  moved  along  this  line,  would  have  the  same 
ultimate  displacement  with  respect  to  its  starting  point  as 


if  it  had  traversed  the  path  ABC.     Now  AC  is  called  the  sum 
of  the  vectors  AB  and  BC,  and  we  may  write 


AC  =  AB  -f  BC. 

In  .m-neral.  the  sum  of  two  vectors  S  and  T,  where  these 
vectors  can  be  represented  by  two  straight  lines  following 

mother  in  en  pial  to  tin-  vector  R,  repress 

by  the  straight  line  dnvrti-d  from  the  beginning  of  the 
to  the  end  of  the  second  of  the  \<(  tors  S,  T.  It  is  immat 
whether  Sor  Tb< 

idea  applied   to  forces  is  represented   in   tin- 
principle  of  the  triangle  of  forces,  which  is  illustrated  by  an 
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experiment  in  Part  II  of  this  book.  The  vector  sum  of  two 
velocities,  say  the  velocity  of  a  ferry  across  stream  and  that 
of  the  stream  itself  (supposed  to  carry  the  ferry  along  with 
it),  gives  the  resultant  velocity  of  the  ferry  in  both  magnitude 
and  direction. 

Scalars  are  added  in  the  ordinary  manner  of  arithmetic. 
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Third  Edition.     Demy  8vo.     i$s.  net. 
Wordsworth    (W.).     POEMS.     With    an 

Introduction    and    Notes    by   NOWELL    C. 

SMITH.     Three  Volumes.    Demy  Svo.     i8j. 

net. 
Yeats   (W.    B.).      A    BOOK    OF   IRISH 

VERSE.       Fourth    Edition.       Cr.    Bvo. 

js.  net. 


PART    II. — A    SELECTION   OF    SERIES 
Ancient  Cities 

General  Editor,  SIR  B.  C.  A.  W1NDLE 

Cr.  Svo.     6s.  net  each  volume 
With  Illustrations  by  E.  H.  NEW,  and  other  Artists 

BRISTOL.     CANTERBURY.     CHESTER.     DUB-  I  EDINBURGH.         LINCOLN.         SHKEWSJIUKY. 
LIN.  WELLS  and  GLASTONBURY. 


The  Antiquary's  Books 

General  Editor,  J.  CHARLES  COX 

Demy  Svo.     los.  6d.  ntt  each  volume 

With  Numerous  Illustrations 


ANCIENT    PAINTED    GLASS    IN    ENGLAND. 
i  IMH.OGY    ANI>    FALSE   ANTIQUITIES. 
l '.IMS  OK   ENGLAND.    THE  BRASSES 
.1,1. AND.    TIIK  CASTLED  AND  WAI. i. En 
TOWNS    OF    ENGLAND.      CELTIC    ART    IN 
I'AGAN  AND  CHRISTIAN  TIMES.    CHURCH- 
WARDENS'    ACCOUNTS.      THE    DDMKSDAY 
KNGLISH  CHURCH  FUKNITUKB. 
H    MONASTIC 

.I.ISH  SEALS.  FOLK-LORE  AS 
AN  HISTORICAL  SCIENCE.  THE  GILDS  AND 
COM  PA  NIKS  or  LONDON.  THE  HERMITS 
AND  ANCHORITES  OK  ENGLAND.  THE 


MANOR  AND  MANORIAL  RECORDS.  THK 
MKDI/KVAI.  HOSPITALS  OF  ENGLAND. 
OLD  ENGLISH  INSTRUMENTS  UK  Mi".n. 
OLD  ENGLISH  LIURARIES.  OLD  SKKVK.K 
BOOKS  OF  THE  ENGLISH  CHURCH.  PARISH 
LIKE  IN  MEDIAEVAL  ENGLAND.  THK 
PARISH  ]\K(,ISTKKS  OF  ENGLAND.  Kx 

MAINS  OK  THK  PREHISTORIC  AGE  IN  ENG- 
LAND. THE  ROMAN  ERA  IN  BRITAIN. 
ROMANO-BRITISH  BUILDINGS  AND  EARTH- 
WORKS. THE  ROYAL  FORESTS  OF  ENG- 
LAND. THE  SCHOOLS  OF  MEDIEVAL  ENG- 
LAND. SHRINES  OF  BRITISH  SAINTS. 
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The  Arden  Shakespeare 

General  Editor,  K.  H.  CASE 
Demy  Svo.     6s.  net  each  volume 

An  edition  of  Shakespeare  in  Single  Plays  ;  each  edited  with  a  full  Introduction, 
Textual  Notes,  and  a  Commentary  at  the  foot  of  the  page. 


Classics  of  Art 

Edited  by  DR.  J.  H.  W.  LAING 
With  numerous  Illustrations.      Widt  Royal  Svo 


THE  ART  o?  THE  CREEKS,  15*.  net.  THE 
ART  or  THE  ROMANS,  i6s.  net.  CMARDIN, 
15*.  net.  DONATEI.LO,  i6j.  tut.  GEOKGE 
ROMNEY,  151.  net.  GHIRLANDAIO,  15*.  net. 
LAWRENCE,  as/,  net.  MICHELANGELO,  151. 


net.  RAPHAEL,  155.  net.  REMBRANDT'S 
ETCHINGS,  Two  Vols.,  25*.  net.  TINTOR- 
ETTO, i6j.  net.  TITIAN,  i6s.  net.  TURNER'S 
SKETCHES  AND  DRAWINOB,  15*.  net. 
VELAZQUEZ,  15*.  net. 


The  'Complete'  Series 

Fully  Illustrated.     Demy  Svo 


THE  COMPLETE  AMATEUR   BOXER,  ie*.  &/. 

net.    THE  COMPI.KTB  ASSOCIATION  FOOT- 

riAi.i.ER,    10*.    6^.   net.      THE   COMPLETE 

ATHLETIC    TRAINEK,  ior.  M.   net.      THE 

Com  viiR,    I2S.    (xi. 

tut.  :  KTB   COOK,   10*.  W.  net. 

CRICKETER,  tor.  &/.  net. 

FOXIIUNTBR,     1 6*.    net. 

COMPLETE    GOLPRK,    its.  M.    net. 

COMPLETE  H   «.KI  v-l'i  ATBR,  iot.6d. 

net.    THE  COMPLETE  HORSEMAN,  121.  &/. 


net.  THE  COMPLETE  JOJITSOAN,  5*.  net. 
THE  COMPLETE  LAWN  TENNIS  Pi  • 
i2j.  6<t.  net.  THE  COMPLETE  MOT 
iof.  (xi.  net.  THE  COMPLETE  MOUNTAIN- 
BER,  16*.  net.  THE  COMPLETE  OARSMAN, 
15*.  net.  THE  COMPLETE  PHOTOGRAPHER, 
iS*.  net.  THE  COMPLETE  RUGBY  FOOT- 
BALLER, ON  THE  NEW  ZEALAND  SYSTEM, 
ixi.  6d.  net.  THE  COMPLETE  SHOT,  i6j. 
nrt.  THE  COMPLETE  SWIMMER,  tot.  6J. 
net.  THE  COMPLETE  YACHTSMAN,  tfc.  net. 


The  Connoisseur's  Library 

ll'ita  numerous  Illustrations.      Wide  Royal  Svo.     251.  net  each  volume 


•UREU  BOOKS.    ENGLISH  FUR- 

i  .UROPEAN  ENAMELS. 

GOLDSMITHS'  AND 

SILVERSMITHS'      \VURK.        ILLUMINATED 


MANUSCRIPTS.  IVORIES.  JBWEI.LI 
MEZZOTINTS.  MINIATURES.  PURCEL 
SEALS.  WOOD  SCULPTORS. 


KWKI  I  «KV 
AIN. 


Handbooks  of  Theology 

Demy  Svo 


TUB   DOCTRINE  or   THE  INCARNATION,  15^. 
net.     A    H 

iKiitB.  16*.   net.     INTRODUCTION    TO 
THK  .  iu.  M.  net. 

AH  INTRODUCTION  TO  TMB    1 


i  KEDS,  us.  6ti.  net.  THE  PHILOSOPHY 
or  RBI  IG ION  IN  KM. i  AND  AND  AMERICA, 
is*.  *..-  uor 

THE  CHURCH  OK  ENGLAND,  151.  net. 


Health  Series 

vo.     2s.  6tt.  net 


1  ARK  or  THI 

THE  KVKS  or  OUR 

:  III     rOR     TUB    M 
r  A  WOMA-. 
HEALTH  IN.      How  TO  LIVB 


i  PREVENTION  or  THB  C 
I 

AND  KAR  ('ROUBLES.    TUBERCULOSIS.    THB 
HEALTH  or  THE  CHILD,  a*,  net. 
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Leaders  of  Religion 

Edited  by  H.  C.  BEECH  ING.       With  Portraits 
Crown  Svo.     3*.  tut  each  volume 

The  Library  of  Devotion 

Handy  Editions  of  the  great  Devotional  Books,  well  edited. 

With  Introductions  and  (where  necessary)  Notes 

Small  Pott  Svo,  cloth,  35.  net  and  31.  6d.  net 

Little  Books  on  Art 

With  many  Illustrations.     Demy  \6rno.    js.  net  each  volume 

Each  volume  consists  of  about  200  pages,  and  contains  from  30  to  40  Illustrations, 

including  a  Frontispiece  in  Photogravure 

BOUCHER.  HOLBEIN.  ILLUMINATED 
MANUSCRIPTS.  JEWELLERY.  JOHN  HOIT- 
NKK.  Sir  JOSHUA  REYNOLDS.  MILLET. 
MINIATURES.  OURL.ADY  IN  ART.  RAPHAEL. 
RODIN.  TURNER.  VANDYCK.  VELAZQUEZ. 
WATTS. 


ALBRECHT  DORER.  THE  ARTS  OP  JAPAN. 
BOOKPLATES.  BOTTICKLLI.  BURNE-JONES. 
CELLINI.  CHRISTIAN  SYMBOLISM.  CHRIST 
IN  ART.  CLAUDE.  CONSTABLE.  COROT. 
EARLY  ENGLISH  WATER-COI.OUR.  ENA- 
MELS. FREDERIC  LEIGHTON.  GEORGE 


ROMNBY.      GREEK    ART.      GREUZE    AND 

The  Little  Guides 

With  many  Illustrations  by  E.  H.  NEW  and  other  artists,  and  from  photographs 

Small  Pott  Svo.     45.  net  and  65.  net 
Guides  to  the  English  and  Welsh  Counties,  and  some  well-known  districts 

The  main  features  of  these  Guides  are  (i)  a  handy  and  charming  form  ;  (2) 
illustrations  from  photographs  and  by  well-known  artists ;  (3)  good  plans  and 
maps  ;  (4)  an  adequate  but  compact  presentation  of  everything  that  is  interesting 
in  tlic  natural  features,  history,  archaeology,  and  architecture  of  the  town  or 
district  treated. 

The  Little  Quarto  Shakespeare 

Edited  by  W.  J.  CRAIG.     With  Introductions  and  Notes 

Pott  id  mo.     40   Volumes.     Leather ,  price  is.  yd.  net  each  volume 

Cloth,  is.  6d. 

Nine  Plays 

Fcap.  Svo.     3*.  6d.  net 


ACROSS    THE    BORDER.    Beulah  Marie  Dix. 

Cr.  Zno. 
HONEYMOON,  THE.     A  Comedy  in  Three  Acts. 

\rivjld  IVniu-u.      Third  Edition. 
GKBAT  An\  i.-:  IUKK,  THE.   A  Pl.<\  •>(  !•  .MI.  y  in 

K.>iir  Act-,.    Arnold  Bennett.    Ff/tk Edition. 
i  ONES.      Arnold    Bennett  and  Edward 

Knolilock.     Ninth  Edition. 
IUKAI   HUSBAND,  AN.    Oscai  Wilde.     Acting 

JUUim, 


KISMET.  Edward  Knoblock.  Fourth  Edi- 
tion. 

TYPHOON.  A  Play  in  Four  Acts.  Melchior 
f,eiij;ycl.  English  Version  by  Laurence 
Irving.  Second  Edition. 

WARE  CASE,  THE.    George  Pleydell. 

GENHKAL  POST.  J.  E.  Harold  Terry.  Second 
Edition. 


MESSRS.  METHUEN'S  PUBLICATIONS 


Sports  Series 

Illustrated.     Fcap.  8tw.     2s.  net  and  31.  net 


ALL  ABOUT  FLYING,  3*.  ntt.  GOLF  Do's 
ANoDoNi's.  THE  GOLFING  SWING.  How 
TO  SWIM.  LAWN  TENNIS,  3*.  ntt.  SKAT- 


ING, y.  ntt.  CROSS-COUNTRY  SKI-ING,  51. 
ntt.  WRESTLING,  is.  net.  QUICK  CUTS 
TO  GOOD  GOLF,  «.  6rf.  net. 


The  Westminster  Commentaries 

General  Editor,  WALTER  LOCK 
Demy  Svo 


THK    ACTS    OF   THE    APOSTLES,    16*.    net. 

AMOS,  As.   (x*.  net.    I.   CORINTHIANS,  8*. 

15*.    net.      KZKKIKI., 

\?s.(xi.n<.  \bs.net.    HKBKEWS, 

8f.  t>d.  net.     ISAIAH,  i&r.  net.    JEREMIAH, 


i6j.  net.  JOB,  Bs.  6J.  rut.  THF.  PASTORAL 
EPISTLES,  BJ.  &/.  net.  THE  PHILIPPIANS, 
8*.  6rf.  net.  ST.  JAMES,  8*.  &/.  ntt.  ST. 
MATTHEW,  151.  »*f. 


Methuen's  Two-Shilling  Library 

Cheap  Editions  of  many  Popular  Books 
Fcap.  8vo 


PART  III. — A    SELECTION    OF   WORKS    OF    FICTION 


Bennett  (Arnold)— 

CLAYHANGER,  8/.  ntt.  HILDA  LBSSWAYS, 
8f.  td.  net.  THESE  TWAIN.  THE  CARD. 
THE  REGENT:  A  Five  Town«  Story  of 
Adventure  in  London.  THE  PRICE  OF 
LOVE.  BURIED  ALIVE.  A  MAN  FROM  THE 
NORTH.  THB  MATADOR  OF  THE  FIVE 
TOWNS.  WHOM  GOD  HATH  JOINED.  A 
(  .HEAT  MAN  :  A  Frolic.  All  ^t.  6d.  ntt. 

Birmingham  (George  A.)— 
SrAMMi     GOLD.     THB    SEARCH    PARTY. 

(i  BAH  TIM* 
THE  REBELS.    All  js.  6d.  net. 

Burrou<ni(Ed<arRlce)- 

TARZAN    OF    THE    APES,    61.    net.      THE 

RETURN  OF  TAK/AN.  <  i.  net.    THE  BEASTS 

or  TARZAN,  6t.  net.     THE  SON  OF  TAK/AN, 

6*.   net.    JUNGLE  TAI  \  ".,6*. 

net.    TAK/AN  AND  THE  JEWELS  or 

6*.  net.    TARZAN  THK  UNTAMED,  7*.  &/.  net. 

A  PKINCKM  or  MARS,  6x.  ntt 

OF    MARS,  6*.   net.      THE   WARI.<' 

MARS,  6*.  net. 

Conrad  (Joseph).    A  SI  MM  SIX 
Edition.     Cr.  St-o.     7*.  >  • 

Cr.  8rw.     ^ 


Corelll  (Marle)- 

A  ROMANCE  OF  Two  WORLDS,  7*.  6rf.  «/. 
VENDKTTA:    or,    The  Story  of   One   For- 
gotten, &s.  net.    THKI.MA:    A   Not 
Princess,  &s.  Cut.  ntt.    AKDATH:  Th.- 
of  a  Dead  Self,  7s.  M.  net.     '\ 
LII  ITII,  7j.  6</.  net.    WORMWOOD  :  A  Drama 
n,-t.     BARABBAS:  A  Dream  of 
the  World's  Tragedy,  &s.  net.    THE  SORROWS 
OF  SATAN,    ^s.  6J.   net.      THK    MASIER- 
CHRISTIAN,  8j.  M.  ntt.   TKMI-OKAL  POWER  : 
A    Studv   in    Supremacy,    6s.    net. 
GOOD  M AN  :  A  Simple  Love  Story,  &s.  6,f. 
net.     HOLY  OKDKKS:    Tlie    Tra^r.ly  uf   .1 
(Juiet  Life,  8j.  6</.  net.    THK  MK.M  i  v  ATOM, 
7*.  6i/.  net.     BOY  :    A   Sketch,   ^t.  6</.  >w/. 

os,  dr.  net.    THE  LIKK  1 
8x.  6</.  «<•/. 

Doyl«(81r  A.  Conan).  Koi'ND  1  HE  RED 
LAMP.  Twtlfth  Kdition.  Cr.too.  lt.6d 
net. 

Hichen»(Rob«rt>- 

UES    OF    CONSCIENCE,   71.    6tf.    ntt. 

\  :  Tlucr  \'..us  in  n  Life,  71.  6J.  net. 

WOMAN  witii    titr    I  AN,    jt.  bd.  mtf. 

BVEWAYS,    7/.    6V.     ««•/  IN  OF 

Ml,    gf.    64.    '  ,     THE 

n,    8f.    fi</.    «r/.        IUf.-l.AKV    SillKf,  6>. 

»•/.       THK    I 

7f.  6J.  net.    THK  WAV  OF  A 

M.  net.    IN  THE  WiUNNtinm,  7*.  eW.  >i/r 
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Hope  (Anthony}- 

A  CHANGE  OF  AIR.  A  MAN  OF  MARK. 
THE  CHRONICLES  OF  COUNT  ANTONIO. 
SIMON  DALE.  THE  KING'S  MIRROR. 
QUISANTB.  THE  DOLLY  DIALOGUES. 
TALES  OF  Two  PEOPLE.  A  SERVANT  OF 
THE  PUBLIC.  MRS.  MAXON  PROTESTS. 
A  YOUNG  MAN'S  YEAR.  BEAUMAROY 
HOME  FROM  THE  WARS.  All 75.  6d.  net. 

Jacobs  (W.  W.)- 

MANY  CARGOES,  $s.  net  and  as.  6d.  net. 
SEA  URCHINS,  5*.  net  and  3*.  6d.  net. 
A  MASTER  OF  CRAFT,  5*.  net.  LIGHT 
FREIGHTS,  5*.  net.  THE  SKIPPER'S  WOO- 
ING, 54.  net.  AT  SUNWICH  PORT,  5*.  net. 
DIALSTONE  LANE,  $s.  net.  ODD  CRAFT, 
$s.  net.  THE  LADY  OF  THE  BARGE,  5.1.  net. 
SALTHAVEN,  5^.  net.  SAILORS'  KNOTS,  5$. 
net.  SHORT  CRUISES,  5*.  net. 

London  (Jack).  WHITE  FANG.  Ninth 
Edition.  Cr.  &vo.  7S.  6d.  net. 

McKenna  (Stephen)— 
SONIA  :    Between    Two    Worlds,    8*.    net. 
NINETY-SIX    HOURS'  LEAVE,  7*.    6d.   net. 
THE  SIXTH  SENSE,  6s.  net.     MIDAS  &  SON, 
Zs.  net. 

Malet  (Lucas)— 

THE  HISTORY  OF  SIR  RICHARD  CALMADY  : 
A  Romance.  THE  WAGES  OF  SIN.  THE 
CARISSIMA.  THE  GATELF.SS  BARRIER. 
DEADHAM  HARD.  Allis.6d.net. 

Mason  (A.  E.  W.).  CLEMENTINA. 
Illustrated.  Ninth  Edition.  Cr.  Svo.  75. 
6d.  net. 

Maxwell  (W.  B.>- 

VIVIEN.  THE  GUARDED  FLAME.  ODD 
LENGTHS.  HILL  RISE.  THE  REST  CURE. 
All  7s.  6d.  net. 

Oxenham  (John)— 

A  WEAVER  OF  WEBS.  PROFIT  AND  Loss. 
THE  SONG  OF  HYACINTH,  and  Other 
Stories.  LAURISTONS.  THE  COIL  OK  CARNE. 
THE  QUEST  OF  THE  GOLDEN  ROSE.  MARY 
ALL-ALONE.  BROKEN  SHACKLES.  "1914." 
Alt  75.  6d.  net. 


Parker  (Gllbert)- 

PlERRE  AND  HIS  PEOPLE.  MRS.  FALCHION. 
THE  TRANSLATION  OF  A  SAV 
VALMOND  CAME  TO  PONTIAC  :  The  Story  v)i 
a  Lost  Napoleon.  AN  ADVENTURER  OF  THK 
NORTH:  The  Last  Adventures  of  'Pretty 
Pierre.'  THE  SFATS  OF  THE  MIGHTY.  Tin 
BATTLE  OF  THE  STRONG:  A  Romance 
of  Two  Kingdoms.  THE  POMP  OF  THE 
LAVILETTES.  NORTHERN  LIGHTS.  All 
7*.  (>d.  net. 

Phillpotts  (Eden>- 

CHILDREN  OF  THE  MIST.  SONS  OF  THF. 
MORNING.  THE  RIVER.  THE  AMERICAN 
PRISONER.  DBMETER'S  DAUGHTER.  THE 
HUMAN  BOY  AND  THE  WAR.  All  TS.  6d.  net. 

Ridge  (W.  Pett)- 

A  SON  OF  THE  STATE,  ^s.  6ff.  net.    THK 
REMINGTON     SENTENCE,      7$.      6d.   •  net. 
MADAME  PRINCE,  js.  (>d.  net.  TOP  S 
7s.  6d.   net.    SPECIAL  PERFORMANCES,  6s. 
net.    THE  BUSTLING  HOURS,  7$.  6d.  net. 

Rohmer  (Sax)— 

THE  DEVIL  DOCTOR.  THE  SI-FAN. 
MYSTERIES.  TALES  OF  SECRET  EGYPT 
THE  ORCHARD  OF  TEARS.  THE  GUI.UKN 
SCORPION.  A  II  is.  6d.  net. 

Swinnerton  (P.).  SHOPS  AND  HOUSES. 

Third  Edition.     Cr.  8z>0.     75.  6d.  net. 
SEPTEMBER.      Third  Edition.     Cr.    Bvo. 

7S.  6d.  net. 


Wells  (H.  Q.X 

Cr.  8v0.    75. 


BE  ALB  Y.    Fourth  Edition. 
.  net. 


Williamson  (C.  N.  and  A.  M.>- 

THE  LIGHTNING  CONDUCTOR  :  The  Strange 
Adventures  of  a  Motor  Car.  LADY  BETTY 

ACROSS    THE   WATER.      SCARLET    RUNNER. 

LORD  LOVELAND  DISCOVERS  AMERICA. 
THE  GUESTS  OF  HERCULES.  IT  HAPPENED 
IN  EGYPT.  A  SOLDIER  OF  THE  LEGION. 
THE  SHOP  GIRL.  THE  LIGHTNING  CON- 
DUCTRESS. SECRET  HISTORY.  THE  LOVE 
PIRATE.  All  75.  6d.  net.  CRUCIFIX 
CORNER.  6s.  net. 


Methuen's  Two-Shilling  Novels 

Cheap  Editions  ot  many  of  the  most  Popular  Novels  of  the  day 
Fcap.  Svo 
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